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ABSTRACT
E t h a n o l  p r o d u c t i o n  by  Zym om onas m o b i l i s  CP4 u n d e r  
c h e m o s t a t i c  a nd  c o n t i n u o u s  t r a n s i e n t  r e a c t o r .
E t h a n o l  p r o d u c t i o n  by Zym om onas m o b i l i s  CP4 u n d e r  
c h e m o s t a t  a nd  c o n t i n u o u s  t r a n s i e n t  o p e r a t i o n  h a s  b e e n  
i n v e s t i  g a t e d .
U n d e r  c a r b o n  l i m i t a t i o n  w i t h  s i m p l e  c h e m o s t a t i c  
o p e r a t i o n ,  g l u c o s e ,  f r u c t o s e  and  s u c r o s e  w e r e  t e s t e d  a t  
35*  C. A t  2 % ( w / v )  c a r b o n  s o u r c e  m e d ium ,  g l u c o s e  was m o re  
e f f i c i e n t l y  u t i l i s e d .  E t h a n o l  p r o d u c t i o n  v a l u e s  f o r  g l u c o s e ,  
f r u c t o s e  a nd  s u c r o s e  w e r e  r e s p e c t i v e l y :  v o l u m e t r i c
p r o d u c t i v i t y  2 . 5 ,  1 . 8  and  2 . 5  g / l / h ;  c o n v e r s i o n  t o  e t h a n o l
e f f i c i e n c y  9 6 ,  88 and  76% a t  v a l u e s  o f  d i l u t i o n  r a t e  o f
0 . 3 5 ,  0 . 2 1  and  0 . 3 2  h “  ^ w h i c h  r e p r e s e n t  a p p r o x i m a t e l y  85% o f  
Dm. W i t h  5 % ( w / v )  g l u c o s e  v a l u e s  o f  v o l u m e t r i c  p r o d u c t i v i t y  
o f  5 g / l / h  and  c o n v e r s i o n  t o  e t h a n o l  e f f i c i e n c y  o f  85% w e r e  
a c h i e v e d .  H o w e v e r ,  u n d e r  n i t r o g e n  l i m i t a t i o n  w i t h  g l u c o s e  
5 % ( w / v ) ,  a p p r o x i m a t e l y  25% o f  f e e d  g l u c o s e  m e d ium  was
b e i n g  washed  o u t  w h i l e  c o n v e r s i o n  t o  e t h a n o l  e f f i c i e n c y  was 
a r o u n d  60% a t  a d i l u t i o n  r a t e  o f  0 . 1 7  h “ ’’
U n d e r  a l t e r n a t i n g  g l u c o s e  c o n c e n t r a t i o n s  o f  2 and  
5% ( w / v )  m ed ium  and  a t  a f i x e d  d i l u t i o n  r a t e  o f  0 . 2  h r i ,  
c o n t i n u o u s  t r a n s i e n t  o p e r a t i o n  a c h i e v e d  v a l u e s  o f  e t h a n o l  
c o n v e r s i o n  h i g h e r  t h a n  80%. H o w e v e r ,  b o t h  c o n t i n u o u s  
t r a n s i e n t  ( u t i l i s i n g  h i g h  a l t e r n a t i n g  g l u c o s e  c o n c e n t r a t i o n  
o f  8 and  11% and  8 and  1 6 % ( w / v ) )  and  s i m p l e  c h e m o s t a t i c  
o p e r a t i o n  r u n n i n g  w i t h  9 . 5  and  1 2 % ( w / v )  g l u c o s e  m e d ium  w e r e  
l e s s  s a t i s f a c t o r y  a s  c o n v e r s i o n  e f f i c i e n c y  v a l u e s  w e r e  as
l e s s  s a t i s f a c t o r y  a s  c o n v e r s i o n  e f f i c i e n c y  v a l u e s  w e r e  as  
l o w  as  40 and  29% f o r  t h e  f o r m e r  and  48 a nd  45% f o r  t h e  
1a t t e r .
P u l s i n g  t h e  c u l t u r e  w i t h  m i n e r a l  s a l t s  (NH4 , M g + + ,K + )
and  e t h a n o l , t h e  c u l t u r e  sh ow ed  no e f f e c t  w i t h  m i n e r a l  s a l t s  
and  a s t r o n g  i n h i b i t o r y  e f f e c t  on  g r o w t h  f o r  e t h a n o l .
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1. INTRODUCTION
1.1  SCIENCE AND TECHNOLOGY IN  BRAZIL
A l t h o u g h  P e d r o  A l v a r e s  C a b r a i ,  a P o r t u g u e s e  s e a  
c a p t a i n  i n  1500 d r o v e  u po n  B r a z i l  c o a s t  a nd  d e c l a r e d  i t  
as  a p o s s e s s i o n  o f  t h e  P o r t u g u e s e  c r o w n ,  i t  was n o t  u n t i l  
t h e  19th  c e n t u r y  t h a t  o n e  c a n  t a l k  a b o u t  s c i e n c e  a nd  
t e c h n o l o g y  i n  t h a t  c o u n t r y .  B e c a u s e  o f  t h e  N a p o l e o n  w a r  
and  c o n s e q u e n t l y  t h e  i n v a s i o n  o f  P o r t u g a l ,  t h e  P r i n c e  
R e g e n t  D. J o a o  d e c i d e d  t o  t a k e  r e f u g e e  i n  B r a z i l  w i t h  t h e  
r o y a l  f a m i l y .  T h e r e  w e r e  a r t i s t s ,  i n t e l l e c t u a l s  and  
s c i e n t i s t s  a c c o m p a n y i n g  t h e m .  T h e y  a r r i v e d  i n  1808 and  i n  
t h a t  y e a r  t h e  P r i n c e  R e g e n t  a b o l i s h e d  by  d e c r e e  a l l  t h e  
l i m i t a t i o n s  w h i c h  h ad  been  p u t  on B r a z i l i a n  i n d u s t r y .  The  
p r i n t i n g  p r e s s  was e s t a b l i s h e d  and  i n s t i t u t i o n s  o f  
s c i e n c e  and  t e c h n o l o g y  w e r e  c r e a t e d ,  s u c h  a s  The  M e d i c a l  
S c h o o l  i n  R i o  de  J a n e i r o  and  B a h i a ,  T h e  N a t i o n a l  L i b r a r y  
and  The N a t i o n a l  Museum. D. J o a o  a l s o  e l e v a t e d  B r a z i l  
f r o m  t h e  c a t e g o r y  o f  c o l o n y  t o  The  U n i t e d  K in g d o m  o f  
B r a z i l  and  P o r t u g a l .  A t  t h a t  t i m e ,  B r a z i l  was s e e n  a s  an 
e x p o r t e r  o f  n a t u r a l  p r o d u c t s ,  s u c h  as  m i n e r a l s  and  f o o d .
( 5 )  .
A t  t h e  b e g i n n i n g  o f  t h e  2 Qth c e n t u r y ,  a n u m b e r  o f  
s c a t t e r e d  f a c u l t i e s  and  i n s t i t u t i o n s  o f  r e s e a r c h  w e r e  
d e v e l o p e d  b e t w e e n  R i o  de J a n e i r o  and  Sao P a u l o ,  due  t o  
t h e i r  e c o n o m i c  a nd  p o l i t i c a l  p o w e r . ( 4 3 )  O v e r  t h a t  p e r i o d  |
w a v e s  o f  i m m i g r a n t s  f r o m  I t a l y ,  G e r m a n y ,  J a p a n ,  P o l a n d
and  P o r t u g a l  s e t t l e d  m a i n l y  i n  a r e a s  o f  c o f f e e
y
p l a n t a t i o n s  o f  The  S o u t h e a s t  and  S o u t h  t o  d e v e l o p  t h e  A
r e g i o n  ( 1 ) .  I n d u s t r i a l  p r o d u c t i o n  r o s e  p a r t i c u l a r l y  i n  
Sao  P a u l o  b u t  a l l  t e c h n o l o g y  a nd  t h e  m a j o r i t y  o f  
q u a l i f i e d  s t a f f  a nd  s c i e n t i s t s  w e r e  f o r e i g n .  T h e r e  had  
b ee n  no i n t e r e s t  t o  d e v e l o p  a c o r e  o f  B r a z i l i a n  
s c i e n t i s t s . ( 1 1 ) .
I t  was o n l y  i n  1912 when t h e  f i r s t  B r a z i l i a n  
u n i v e r s i t y  was c r e a t e d  i n  P a r a n a ,  f o l l o w e d  by  R i o  de 
J a n e i r o  i n  1920 a nd  M in a s  G e r a i s  i n  1 9 2 7 .  As a m a t t e r  o f  
t h e  f a c t ,  t h e s e  i n s t i t u t i o n s  w e r e  a g r o u p  o f  s e v e r a l  
i s o l a t e d  p r o f e s s i o n a l  s c h o o l s .  N e v e r t h e l e s s ,  s c i e n c e  a nd  
t e c h n o l o g y  d i d  i m p r o v e  i n  B r a z i l  when t h e  U n i v e r s i t y  o f  
Sao P a u l o  (USP) was  c r e a t e d  i n  1934  ( 5 ) .
The f o r e i g n  t e c h n o l o g y  a d o p t i o n  i s  a f e a t u r e  i n  
d i f f e r e n t  p h a s e s  o f  t h e  B r a z i l i a n  i n d u s t r i a l i z a t i o n  
p r o c e s s  ( 6 2 ) .  U n t i l  W o r l d  War I I ,  t e c h n o l o g y  p r o d u c e d  
a b r o a d  a r r i v e d  i n  t h e  c o u n t r y  i n  t h e  f o r m  o f  g o o d s  and  
m a c h i n e r y  w i t h  q u a l i f i e d  p e o p l e  t o  w o r k  on i t .
A new p h a s e  s t a r t e d  i n  t h e  5 0 s ,  when t h e  
i n d u s t r i a l i z a t i o n  p r o c e s s  o f  B r a z i l  a c c e l e r a t e d .  T h i s  
p h a s e  c h a r a c t e r i z e d  by  e x p a n s i o n  and  d i v e r s i f i c a t i o n  d ue  
t o  i m p o r t  s u b s t i t u t i o n  and  i n  t h e  l a r g e  u s e  o f  f o r e i g n  
t e c h n o l o g y  i n  p r o d u c t i o n  a r e a s .  M e a n w h i l e ,  some 
i n s t i t u t i o n s  w e r e  c r e a t e d  t o  p r o v i d e  f i n a n t i a l  s u p p o r t  
f o r  r e s e a r c h .  The  t w o  f i r s t  r e s e a r c h  c o u n c i l  -  The  
N a t i o n a l  C o u n c i l  f o r  S c i e n t i f i c  and  T e c h n o l o g i c a l  
D e v e l o p m e n t  (CN Pq)  and  The C o u n c i l  t o  i m p r o v e  t h e  
t r a i n i n g  o f  h i g h e r  e d u c a t i o n  t e a c h i n g  s t a f f  (CAPES) w e r e  
c r e a t e d  i n  1951 ( 5 ) .
—I n  1 9 5 6 ,  B r a z i l i a n  p r e s i d e n t  J u s c e l i n o  K u b i t s c h e k  
l a u n c h e d  h i s  a d m i n i s t r a t i o n  p ro g r a m m e  a i m i n g  a t  a f a s t e r  
d e v e l o p m e n t  w h i c h  f a v o u r e d  p r i v a t e  i n v e s t m e n t  and  o p e n e d  
t h e  c o u n t r y  t o  f o r e i g n  p e n e t r a t i o n  by  t r a n s n a t i o n a l  
c o r p o r a t i o n s ,  t h r o u g h  o f f e r s  o f  t a x  i n c e n t i v e s  and  e a s y  
p r o f i t  r e m i s s i o n .  H o w e v e r ,  d ue  t o  t h e  m a s s i v e  s t a t e  
s p e n d i n g  on t h e  c o n s t r u c t i o n  o f  B r a s i l i a  and  t h e  r o a d  
s y s t e m ,  i n f l a n t i o n  had  r i s e n  by  1961 t o  n e a r l y  50% p e r  
y e a r .  ( 4 3 )  As r e s u l t ,  a s u c e s s i o n  c r i s i s  f o l l o w e d ,  w i t h  
t h e  e m e r g e n c e  o f  new f o r m s  o f  p o p u l a r  and  w o r k e r  
o r g a n i z a t i o n .  I n  r e s p o n s e  t o  t h a t ,  i n  1964 t h e  m i l i t a r y  
f o r c e s  t o o k  p o w e r  and  i n s t a l l e d  t h e i r  r e g i m e .  I t  was o n l y  
21 y e a r s  l a t e r  t h a t  a c i v i l  e l e c t e d  p r e s i d e n t  t o o k  o f f i c e  
a g a i  n .
The  boom known as  t h e  " B r a z i l i a n  m i r a c l e "  s t a r t e d  i n  
1 9 6 8 .  The  g o v e r n m e n t  s u b s i d i s e d  t h e  p u r c h a s e  o f  f a r m  
m a c h i n e r y  and  t h e  a g r i c u l t u r a l  s e c t o r  became a l e a d i n g  
c o n s u m e r  o f  i n d u s t r i a l  p r o d u c t s  and  e x p o r t e r  e a r n e r .  
H o w e v e r ,  i t  was a g a i n  p r e f e r e d  t o  i m p o r t  t e c h n o l o g y  
r a t h e r  t h a n  t o  d e v e l o p  i t  l o c a l l y .
1 . 1 . 1  PROALCOOL -  THE B R A Z IL IA N  ALCOHOL PROGRAMME
The s h a r p  r i s e s  i n  t h e  p r i c e  o f  c r u d e  o i l  i n  t h e  
e a r l y  7 0 s  had  a dee p  e f f e c t  i n  t h e  e co n o m y  o f  B r a z i l  a s  
w e l l  as  i n v e s t m e n t  i n  s c i e n c e  and  t e c h n o l o g y .
The i m p o r t - o i l  b a s e d  B r a z i l  e con o m y  was s e r i o u s l y  
t h r e a t e d .  The c o u n t r y  i m p o r t e d  85% o f  i t s  n ee d  o f  o i l  i n  
1973 ( 6 5 ) ,  w h i c h  sh ow s  i t s  g r e a t  d e p e n d e n c e  on f o r e i g n
s u p p l y .
F u e l  e x p e n d i t u r e  r a i s e d  f r o m  a t e n t h  o f  t h e  c o u n t r y ’ s 
t o t a l  i m p o r t s  i n  1 9 7 0 ,  t o  m o re  t h a n  a h a l f ,  a d e c a d e  
1a t e r .
I n  a e f f o r t  t o  s t e m  t h e  h a e m o r r h a g e  o f  f o r e i g n  
e x c h a n g e  t h e  g o v e r n m e n t  d e c i d e d  i n  1975 t o  l a u n c h  a 
p r o j e c t  t o  r e p l a c e  g a s o l i n e  w i t h  l o c a l l y - p r o d u c e d  
e t h a n o l - a l c o h o l  d i s t i l l e d  f r o m  s u g a r  c a n e .
B e f o r e  W o r l d  War I I  s e v e r a l  g o v e r n m e n t s  s u b s i d i s e d  t h e  
p r o d u c t i o n  o f  i n d u s t r i a l  e t h a n o l  f r o m  c r o p  s u c h  as  c o r n ,  
p o t a t o e s  and  s u g a r  b e e t .  T h e s e  s u b s i d i e s  w e r e  i n t e n d e d  t o  
r e d u c e  d e p e n d e n c e  on  o i l  i m p o r t s  i n  t h e  e v e n t  o f  w a r  and  
t o  e n c o u r a g e  home i n d u s t r y  and  a g r i c u l t u r e  and  r e d u c e  
t r a d e  d e f i c i t s  d u r i n g  t h e  d e p r e s s i o n .
D u r i n g  W o r l d  War I I ,  m o s t  m o t o r  v e h i c l e s  i n  G erm any  
r a n  on p o t a t o - b a s e d  e t h a n o l .  From 1945 o n w a r d s  t h e  
d e c l i n e  i n  s u b s i d i e s ,  s u b s t a n t i a l  i n c r e a s e s  i n  t h e  p r i c e  
o f  m o l a s s e s  d ue  t o  i t s  u s e  i n  c a t t l e  f e e d  and  t h e  
a v a i l a b i l i t y  o f  c h e a p  e t h a n o l  b a s e d  on  p e t r o c h e m i c a l  
e t h y l e n e  l e d  t o  a r a p i d  d e c l i n e  i n  p r o d u c t i o n  by  
f e r m e n t â t i o n .
B r a z i l  h a s  a r a p i d l y  r i s i n g  p o p u l a t i o n  and  a n o t h e r  
i n t e n t i o n  o f  t h e  p ro g r a m m e  was t o  p r o v i d e  j o b s  t o  r e d u c e  
u n e m p l o y m e n t  a nd  s u p p o r t  t h e  s u g a r  i n d u s t r y  a t  a t i m e  o f  
w o r l d  s u g a r  s u r p l u s .
E t h a n o l  p r o d u c t i o n  i n d u s t r y  c u r r e n t l y  e m p l o y s  some
3 0 0 , 0 0 0  p e o p l e  i n  f a r m i n g ,  and  9 0 , 0 0 0  i n  s u g a r  f a c t o r i e s  
a nd  d i s t i l l e r i e s , a n d  h a s  h e l p e d  t o  m i n i m i z e  t h e  d r i f t  o f
p o p u l a t i o n  i n t o  t o w n s .  The  n u m b e r  o f  j o b s  i n d i r e c t l y  
d e n p e n d e n t  on  e t h a n o l  p r o d u c t i o n  may be n e a r l y  o ne  
m i l l i o n .  ( 6 7 )
The  u s e  o f  e t h a n o l  as  f u e l  h a s  p r o v e d  t o  be f a r  l e s s  
p o l l u t i n g  t h a n  g a s o l i n e .  C a r s  b u r n i n g  a l c o h o l  p r o d u c e  57% 
l e s s  c a r b o n  m o n o x i d e ,  74% f e w e r  h y d r o c a r b o n s  and  13% l e s s  
n i t r o g e n s  o x i d e s  t h a n  e n g i n e s  f i r e d  by  f o s s i l  f u e l s  ( 7 9 ) .
I n  1 9 7 5 ,  B r a z i l i a n  p r o d u c t i o n  o f  e t h a n o l  f r o m  s u g a r  
c a n e  was o n l y  903  m i l l i o n  1 / y r ,  m a i n l y  f o r  i n d u s t r i a l  
p u r p o s e s .  B u t ,  b e n e f i t i n g  f r o m  g o v e r n m e n t  s u b s i d i e s ,  t h e  
p ro g r a m m e  p i c k e d  up s p e e d ,  a nd  a l l  g a s o l i n e  u s e d  i n  t h e  
c o u n t r y  was r a p i d l y  c o n v e r t e d  t o  " B r a z i l i a n  g a s o h o l " ,  a 
m i x t u r e  o f  up t o  2 0 % e t h a n o l  and  80% g a s o l i n e .
I n  1 9 7 9 ,  t h e  I r a n - I r a q  w a r  t h r e a t e n e d  M i d d l e  E a s t e r n  
o i l  s u p p l i e s ,  a nd  c a r  i n d u s t r y ,  s t i m u l a t e d  by t h e  
g o v e r n m e n t ,  t o o k  t h e  b o l d  s t e p  o f  p r o d u c i n g  c a r s  w i t h  new 
e n g i n e s  a d a p t e d  f o r  t h e  u s e  o f  h y d r a t e d  e t h a n o l .
I n  1 9 8 1 ,  B r a z i l i a n  p r o d u c t i o n  o f  e t h a n o l  r e a c h e d  a 
t o t a l  o f  4 . 0 8  b i l l i o n  l i t e r s ,  o f  w h i c h  1 . 8 8  b i l l i o n  w e r e  
c o n s u m e d  as  h y d r a t e d  e t h a n o l  i n  m o re  t h a n  3 0 0 , 0 0 0  o u t  o f  
8 m i l l i o n  a u t o m o b i l e s .  The  r e m a i n d e r  o f  t h e  f l e e t  u s e d
2 . 2  b i l l i o n  l i t e r s  o f  a n h y d r o u s  e t h a n o l  m ix e d  w i t h  
g a s o l i n e  i n  t h e  p r o p o r t i o n  10 -  20% e t h a n o l  ( 7 9 ) .
The  P r o a l c o o l  P ro g ra m m e  h a s  i n f l u e n c e d  s p o n s o r s h i p  i n  
s c i e n c e  and  t e c h n o l o g y .  I n  a g r i c u l t u r e  s c i e n t i s t s  h a v e  
a c h i e v e d  i m p o r t a n t  g a i n s  i n  p r o d u c t i v i t y .  The  T e c h n o l o g y
R e s e a r c h  C e n t r e  i n  P i r a c i c a b a  (S a o  P a u l o )  h a s  s u c c e e d e d  
i n  b o o s t i n g  s u g a r - c a n e  p r o d u c t i o n  by  18% by b r e e d i n g  a 
s u p e r i o r  c a n e  p l a n t ( 6 ) .
One p r o b l e m  f a c e d  by  r e s e a r c h e r s  was s t i l i a g e ,  t h e  
h i g h l y - p o l l u t i n g  w a s t e  l i q u i d  w h i c h  was r e g u l a r l y  f l u s h e d  
i n t o  r i v e r s  k i l l i n g  b o t h  f i s h  and  o t h e r  k i n d s  o f  a q u a t i c  
l i f e .  The  B r a z i l i a n  e t h a n o l  p ro g r a m m e  g e n e r a t e s  w a s t e  
e q u i v a l e n t  t o  o n e  a nd  a h a l f  t i m e s  t h e  se w age  p r o d u c e d  by  
t h e  e n t i r e  B r a z i l i a n  p o p u l a t i o n .  E v e n t u a l l y ,  t h e  w a s t e  
t u r n e d  o u t  t o  be b o t h  an e x c e l l e n t  f e r t i l i z e r  f o r  s u g a r  
c a n e ,  when w e l l - d e f i n e d  a m o u n t s  o f  i t  a r e  u s e d  i n  t h e
s o i l  ( 9 8 ) ,  a nd  an e f f e c t i v e  b i o l o g i c a l  p e s t i c i d e .
E v e n t h o u g h  o i l  i s  a d e p l e t a b l e  r e s o u r c e  and  i t s
o v e r u s e  w i l l  l e a d  t o  e x h a u s t i o n ,  n o w a d a y s  t h e  f u t u r e  o f  
t h e  p r o g r a m m e  i s  u n c e r t a i n .  B r a z i l i a n  o i l  p r o d u c t i o n  h a s  
i n c r e a s e d  and  t h e  c o u n t r y  i m p o r t s  a b o u t  h a l f  o f  t h e  o i l  
i t  n e e d s , ( 6 5 ) .  F u r t h e r m o r e  t h e  o i l  p r i c e  h a s  d e c r e a s e d  
d r a s t i c a l l y  and  t h e  p r o g r a m m e  h a s  no l o n g e r  v i a b l e  
p r o s p e c t s  b e c a u s e  a l c o h o l  ca n  o n l y  c o m p e t e  w i t h  g a s o l i n e  
when t h e  i n t e r n a t i o n a l  o i l  p r i c e  i s  US$ 40 a b a r r e l  . 
N e v e r t h e l e s s ,  e t h a n o l  p r o d u c t i o n  h a s  r e a c h e d  12 b i l l i o n  
1/ y r  ( 1 ) .
H o w e v e r ,  t h e  l o w  t e c h n o l o g y  a p p r o a c h  a d o p t e d  by
a l c o h o l  d i s t i l l e r i e s  was i n t r o d u c e d  i n  t h e  d e c a d e  o f  1940 
and  r e m a i n s  u n c h a n g e d ,  i n  s p i t e  o f  t h e  i n c r e d i b l e
t e c h n o l o g i c a l  d e v e l o p m e n t s  i n  p e t r o c h e m i c a l  f r a c t i o n a t i o n  
m e t h o d s  ( 2 1 ) .  As r e s u l t ,  a l c o h o l  d i s t i l l e r y  i n d u s t r i a l  
s t i l l  h a v e  v a r i o u s  a s p e c t s  w h i c h  c a n  be i m p r o v e d  i n
o r d e r  t o  be an e f f i c i e n t  a l t e r n a t i v e  i n d u s t r y  p r o d u c i n g  a 
c o m p e t i t i v e  f u e l .
A l t h o u g h  s t r u g g l i n g  w i t h  t h e  h i g h e s t  f o r e i g n  d e b t  t h e  
w o r l d  h a s  e v e r  k n o w n ,  B r a z i l  g o v e r n m e n t  h a s  i n v e s t e d  
money i n  t h e  u n i v e r s i t i e s  a nd  o t h e r  r e s e a r c h  c e n t r e s  a s  a 
s t r a t e g y  o f  d e v e l o p m e n t .
I n  t h i s  c o n t e x t ,  o p p o r t u n i t i e s  h a v e  been  p r o v i d e d  f o r  
s c i e n t i s t s  and  t e c h n o l o g i s t s  t o  a c q u i r e  s p e c i a l i z e d  
s k i l l s  w i t h  t h e  a i m  o f  d e v e l o p i n g  a s u i t a b l e  t e c h n o l o g y  
t o  t h e  B r a z i l i a n  r e a l i t y .
1 . 2  THE BACTERIA ZYMOMONAS M O B IL IS
I n  g e n e r a l , m o s t  c a r b o h y d r a t e  f e e d s t o c k  h a s  b ee n  
f e r m e n t e d  w i t h  t h e  u s e  o f  y e a s t s .  H o w e v e r ,  some a t t e n t i o n  
h a s  been  g i v e n  t o  t h e  p o s s i b i l i t i e s  o f  u s i n g  o r g a n i s m s  
o t h e r  t h a n  y e a s t s  t o  p r o d u c e  e t h a n o l . The  a d v a n t a g e s  
s o u g h t  a r e  i n c r e a s e d  c o n v e r s i o n  y i e l d s  t o  e t h a n o l ,  f a s t e r  
f e r m e n t a t i o n  r a t e s ,  h i g h e r  o p e r a t i n g  t e m p e r a t u r e s  t o  
r e d u c e  e x p e n d i t u r e  on c o o l i n g  and  t h e  a b i l i t y  t o  g r o w  on 
a w i d e r  r a n g e  o f  s u b s t r a t e s .
The b a c t e r i a  Zym om onas m o b i l i s  seems t o  be an 
e f f i c i e n t  e t h a n o l  p r o d u c e r  and  many p a p e r s  h a v e  
d i s c u s s e d  b o t h  p h y s i o l o g i c a l  and  i n d u s t r i a l  a s p e c t s .
1 . 2 . 1  CARBOHYDRATE METABOLISM IN  ZYMOMONAS M O B IL IS
C a r b o h y d r a t e  m e t a b o l i s m  i n  Zym om onas m o b i l i s  h a s  
bee n  e x t e n s i v e l y  s t u d i e d  d ue  t o  t h e  c o n s i d e r a b l e  
p o t e n t i a l  f o r  i n d u s t r i a l  a l c o h o l  f e r m e n t a t i o n s .  T h i s
b a c t e r i a  ca n  u t i l i z e  o n l y  t h r e e  c a r b o h y d r a t e s  : g l u c o s e ,
f r u c t o s e  and  s u c r o s e .
The a b i l i t y  o f  Zym om onas  t o  m e t a b o l i z e  g l u c o s e  and  
f r u c t o s e  was f i r s t  r e p o r t e d  by  B a k e r  and  M i l l i e r  ( 8 ) and  
t h e n  by L i n d n e r  ( 5 6 ) .
A m o l a r  e q u a t i o n  f o r  t h e  c o n v e r s i o n  o f  g l u c o s e  t o  
e t h a n o l  was e s t a b l i s h e d  by  K l u y v e r  and  H o p p e n b r o u w e r s  ( 6 2  
) a s  f o i l o w s :
1 g l u c o s e  ----- > 1 . 8  e t h a n o l  + 1 . 9  CO2 + 0 . 1 5  l a c t i c
a c i d .
F r u c t o s e  c o n v e r s i o n  t o  e t h a n o l  i s  c o m p a r a b l e  t o  g l u c o s e  
( 8 1 , 1 0 1 ) .  E t h a n o l  p r o d u c t i o n  was a l s o  o b s e r v e d  when t h i s  
s u g a r  comes f r o m  e n z y m a t i c a l l y  h y d r o l y s e d  i n u l i n  ( t h e  
p o l y m e r  f o u n d  i n  J e r u s a l e m  a r t i c h o k e ) .
The f o r m a t i o n  o f  b y - p r o d u c t s  s u c h  a s  a c e t a l d e h y d e , 
a c e t a t e ,  l a c t a t e ,  a c e t o i n ,  and  g l y c e r o l  h a v e  been  
r e p o r t e d .  T h e s e  e nd  p r o d u c t s  a r e  p r i n c i p a l l y  f o r m e d  u n d e r  
a e r o b i c  c o n d i t i o n s .  ( 6 0 , 5 9 )
M ore  r e c e n t l y ,  V i i k a r i  and  K o r h o l a  ( 1 0 7 )  h a v e  p r o p o s e d  
r o u t e s  o f  b y - p r o d u c t s  f o r m a t i o n  i n  Zym om onas m o b i l i s ,  f o r  
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Fig.1.2.2(a) Proposed routes 
o f  by-product formation in 





I m p o r t a n t  r e s e a r c h  h a s  been  c a r r i e d  o u t  t o  e l u c i d a t e  t h e  
a b s o r p t i o n  o f  s u g a r  p r e c e d i n g  i t s  c a t a b o l i s m .
Romano e t  a l . ( 8 4 )  h a v e  d e m o n s t r a t e d  t h a t  Zym om onas  l a c k s  
a P E P - g l u c o s e  p h o s p h o t r a n s f e r a s a e  s y s t e m  and  a p e r m e a s e  
s y s t e m  b u t  t h e  p r e s e n c e  o f  a g l u c o s e  f a c i l i t a t e d  d i f f u s i o n  
s y s t e m  f o r  g l u c o s e  h a s  b e e n  r e p o r t e d  ( 2 8 ) .  E a r l i e r  e v i d e n c e  
o f  B e l a i c h  e t  a l  . ( 1 5 )  i n d i c a t e d  t h a t  g l u c o s e  t r a n s p o r t  was
t w o f o l d  g r e a t e r  t h a n  g l u c o s e  u t i l i z e d .  T h e r e f o r e  t h e  r a t e  o f  
g l u c o s e  c a t a b o l i s m  was n o t  l i m i t e d  by  g l u c o s e  p e r m e a t i o n  and  
t h e y  s u g g e s t e d  t h a t  a c a r r i e r  m e d i a t e d  o r  f a c i l i t a t e d  
d i f f u s i o n  t r a n s p o r t  s y s t e m  was t h e  o n l y  m e th o d  o f  s u g a r  
u p t a k e .
M o re  r e c e n t l y  L y n e s s  and  D o e l l e  ( 5 7 , 5 8 )  h a v e  r e p o r t e d  
t h a t  d u r i n g  g r o w t h  on  s u c r o s e ,  f r u c t o s e  i s  a l w a y s  t a k e n  up 
by  t h e  c e l l  m ore  s l o w l y  t h a n  g l u c o s e .  A f u r t h e r  s t u d y  o f  
g l u c o k i n a s e  and f r u c t o k i n a s e  by  D o e l l e  ( 3 0 , 2 9 )  sh o w e d  t h a t  
g l u c o k i n a s e  i s  i n h i b i t e d  by  ADP, AMP, g 1 u c o s e - 6 - p h o s p h a t e ,  
and  h i g h  c o n c e n t r a t i o n s  o f  n u c l e o t i d e  t r i p h o s p h a t e  (A TP ,  
DTP, and  C T P ) .  I n  o t h e r  w o r d s ,  t h i s  enzym e i s  r e g u l a t e d  by  
t h e  e n e r g y  s t a t u s  o f  t h e  c e l l .  H o w e v e r ,  f r u c t o k i n a s e  r e a c t s  
o n l y  w i t h  f r u c t o s e  a nd  ATP and  i s  i n h i b i t e d  by  g l u c o s e  and  
g l u c o s e - 6 - p h o s p h a t e .  T h u s  t h e  p r e s e n c e  o f  g l u c o s e  r e g u l a t e s  
t h e  u p t a k e  o f  f r u c t o s e .  T h i s  a u t h o r  ( 3 0 )  h a s  p r o p o s e d  t h a t  
t h e s e  t w o  en zym e s  f o r  s u g a r  t r a n s p o r t  w e r e  i n d e p e n d e n t l y  
c o n t r o l l e d ,  G l u c o k i n a s e  i s  c o n t r o l l e d  by ATP and  ADP ( e . g . ,  
c e l l u l a r  e n e r g e t i c s ) ,  and  f r u c t o k i n a s e ,  w h i c h  i s  n o t  
a f f e c t e d  by t h e  n u c l e o t i d e s  , i s  s e v e r e l y  r e p r e s s e d  by
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g l u c o s e .  Any  d i s t u r b a n c e  i n  t h e  e n e r g y  s t a t u s  o f  t h e  c e l l  
w i l l  a f f e c t  g l u c o k i n a s e  f i r s t  and t h e  a c c u m u l a t i o n  o f  
g l u c o s e  w i l l  a u t o m a t i c a l l y  c o n t r o l  f r u c t o k i n a s e  a c t i v i t y .
The f i r s t  s t e p  o f  s u c r o s e  b r e a k d o w n  s h o u l d  a l m o s t  
u n a v o i d a b l y  p r o d u c e  g l u c o s e  o r  f r u c t o s e  o r  b o t h .  H o w e v e r ,  
e x p e r i m e n t s  o f  R i b b o n s  e t  a l  . ( 8 0 )  and  M c G i l l  e t  a l  . ( 6 0 )
sh o w e d  t h a t  t h e  m o l a r  g r o w t h - y i e l d  c o e f f i c i e n t s  f o r  s u c r o s e  
w e r e  a p p r e c i a b l y  l o w e r  t h a n  t h o s e  f o r  t h e  e q u i v a l e n t  
c o n c e n t r a t i o n s  f o r  g l u c o s e  p l u s  f r u c t o s e .  I t  was a l s o  
o b s e r v e d  t h a t  c e n t r i f u g a t i o n  o f  s u c r o s e  c u l t u r e s  y i e l d e d  a 
c e l l  p e l l e t  a nd  an o p a l e s c e n t  s u p e r n a t a n t  f l u i d .  T h i s  c l o u d y  
s u b s t a n c e  c o u l d  be p r e c i p i t a t e d  by e t h a n o l  7 5 % . F u r t h e r  
a n a l y s i s  l e d  t o  t h e  d i s c o v e r y  o f  l e v a n .  So f r u c t a n  f o r m a t i o n  
c o u l d  e x p l a i n  t h e  d i v e r s i o n  o f  some o f  t h e  e n e r g y  s o u r c e .
The  r e s u l t s  o f  Dawes e t  a l . ( 2 6 )  show ed  t h a t  a p p r o x i m a t e l y  
10% o f  t h e  s u c r o s e  u t i l i z e d  by c r u d e  e x t r a c t s  o f  Zym om onas  
m o b i l i s  was c o n v e r t e d  i n t o  l e v a n ,  t h e  r e m a i n d e r  o f  t h e  
s u c r o s e  was h y d r o l y z e d  t o  g l u c o s e  and f r u c t o s e .  T h e y  d i d  n o t  
e s t a b i l i s h  w h e t h e r  o r  n o t  an i n v e r t a s e  was p r e s e n t  and 
s u g g e s t e d  t e n t a t i v e l y  t h a t  a l e v a n s u c r a s e  c o u l d  a c c o u n t e d  
f o r  b o t h  l e v a n  f o r m a t i o n  and  s u c r o s e  h y d r o l y s i s .
M o re  r e c e n t l y ,  i n  a d d i t i o n  t o  t h e  h i g h  m o l e c u l a r  w e i g h t  
l e v a n ,  w h i c h  i s  p r e c i p i t a b l e  by e t h a n o l  75%, l o w  m o l e c u l a r  
l e v a n s  o r  f r u c t o - o l i g o m e r s  h a v e  a l s o  been  r e p o r t e d .  V i i k a r i  
and  G i s l e r  ( 1 0 6 )  h a v e  r e p o r t e d  t h a t  t h e  a m o u n t  o f  l o w  
m o l e c u l a r  w e i g h t  f r u c t o - o l i g o m e r s  was f o u n d  e v e n  t o  e x c e e d  
t h a t  o f  p r e c i p i t a b l e  l e v a n  ( h i g h  m o l e c u l a r  w e i g h t  f r u c t o  
p o l y m e r ) .
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I t  was i n  t h e  e a r l y  1 9 5 0 ’ s ,  G i b b s  a nd  DeMoss ( 3 5 )  
d i s c o v e r e d  t h a t  Zym om onas m o b i l i s  u t i l i z e d  t h e  E n t n e r -  
D o u d o r o f f  p a t h w a y  a n a e r o b i c a l l y  f o r  g l u c o s e  and  f r u c t o s e  
m e t a b o l i s m  i n  a s s o c i a t i o n  w i t h  a p y r u v a t e  d e c a r b o x y l a s e .  The  
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Figure 1.2.2(b) The path of individual atoms during 




T h e  p r e s e n c e  o f  t h e  E n t n e r - D o u d o r o f f  p a t h w a y  i n  Zym om onas  %
i
m o b i l i s  h a s  bee n  c o n f i r m e d  a t  t h e  e n z y m a t i c  l e v e l  by  s e v e r a l  f
a u t h o r s .
D o e l l e  ( 3 0 )  h as  p u b l i s h e d  t h e  e x i s t e n c e  o f  tw o  s e p a r a t e  
c o n s t i t u t i v e  e n z y m e s  f o r  g l u c o s e  and  f r u c t o s e .
Raps  and  DeMoss ( 7 8 )  h a v e  d e m o n s t r a t e d  t h a t  c e l l - f r e e  #
e x t r a c t s  f e r m e n t e d  g l u c o s e - 6 p h o s p h a t e  t o  e t h a n o l  a nd  CO2 . i
The  e x t r a c t s  c o n t a i n e d  p h o s p h o h e x o i s o m e r a s e , a n d  a
d e h y d r o g e n a s e  f o r  g l u c o s e - 6 - p h o s p h a t e .
A c c o r d i n g  t o  C r o m i e  and  D o e l l e  ( 2 3 ) ,  a s  Zym om onas
m o b i l i s  s o l e l y  u t i l i s e s  t h e  E n t n e r - D o u d o r o f f  p a t h w a y  o f  
g l u c o s e ,  w h e r e b y  t h e  s u g a r  i s  s p l i t  i n t o  p y r u v a t e  a nd  
g l y c e r a l d e h y d e - 3 - p h o s p h a t e ,  h a l f  o f  t h e  m o l e c u l e  a l w a y s  
l e a d s  t o  e t h a n o l .  H o w e v e r ,  t h e  f a t e  o f  g l y c e r a l d e h y d e - 3 -  
p h o s p h a t e  d e p e n d s  on t h e  demand f o r  4 -  and  5 - c a r b o n  
p r e c u r s o r s  f o r  RNA and  DNA b i o s y n t h e s i s  o r  ATP e n e r g y  a nd  
e t h a n o l  p r o d u c t i o n .  M o n t e n e c o u r t  ( 6 6 ) h a s  e m p h a s i z e d  t h e  
i d e a  t h a t  a l a r g e  p o r t i o n  o f  g 1y c e r a l d e h y d e - 3 - p h o s p h a t e  m u s t  
be c o n v e r t e d  t o  p y r u v a t e  c o n s i d e r i n g  t h e  n e a r  t h e o r e t i c a l  
v a l u e  o f  e t h a n o l  p r o d u c t i o n .
T h e r e  a r e  t w o  e n z y m e s  i n v o l v e d  i n  t h e  c o n v e r s i o n  o f  
p y r u v a t e  t o  e t h a n o l ,  p y r u v a t e  d e c a r b o x y l a s e ,  and  a l c o h o l  
d e h y d r o g e n a s e .
P y r u v a t e  d e c a r b o x y l a s e  h a s  b ee n  f o u n d  i n  c r u d e  e x t r a c t s  
by M a c G i l l  e t  a l .  ( 6 0 )  and  M a c G i 11 and  Dawes ( 5 9 ) .
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H o p p n e r  and  D o e l l e  ( 4 1 )  h a v e  s t u d i e d  a l c o h o l  
d e h y d r o g e n a s e  and  s u g g e s t e d  t h a t  t h e  c h a r a c t e r i s t i c s  o f  t h i s  
en zym e  a r e  v e r y  s i m i l a r  t o  t h o s e  o f  t h e  y e a s t  e n z y m e .
A d e t a i l  scheme o f  t h e  E n t n e r - D o u d o r o f f  p a t h w a y  u t i l i z e d  



























1 . 2 . 2 -  CONTINUOUS CULTURE
The  c o n t i n u o u s  c u l t u r e  o f  m i c r o r g a n i s m s  i s  a 
t e c h n i q u e  o f  w e l l - k n o w n  i m p o r t a n c e  i n  b o t h  m i c r o b i o l o g y  
s t u d i e s  a nd  m o re  r e c e n t l y  as  l a r g e  s c a l e  p r o d u c t i o n  p r o c e s s .  
The  e s s e n t i a l  f e a t u r e  o f  t h i s  t e c h n i q u e  i s  t h a t  m i c r o b i a l  
g r o w t h  o c c u r s  u n d e r  s t e a d y - s t a t e ,  w h i c h  means ,  g r o w t h  
h a p p e n s  a t  a c o n s t a n t  r a t e  i n  a c o n s t a n t  e n v i r o n m e n t .  
F a c t o r s  s u c h  a s  pH v a l u e s ,  c o n c e n t r a t i o n s  o f  n u t r i e n t s ,  
m e t a b o l i c  p r o d u t s ,  w h i c h  i n e v i t a b l y  c h a n g e  when a b a t c h  
c u l t u r e  i s  u s e d ,  a r e  a l l  m a i n t a i n e d  c o n s t a n t  o r  
i n d e p e n d e n t l y  c o n t r o l l e d  by  t h e  e x p e r i m e n t e r  ( 4 0 ) .
A c o n t i n u o u s  f e r m e n t a t i o n  ( c h e m o s t a t )  c o n s i s t  o f  a m i x e d  
s u s p e n s i o n  o f  c e l l s  i n t o  w h i c h  f r e s h  m e d iu m  i s  c o n t i n u o u s l y  
a d d e d  a t  a c o n s t a n t  r a t e  and  t h e  c u l t u r e  i s  h a r v e s t e d  a t  t h e  
same r a t e  s o  t h a t  t h e  c u l t u r e  v o l u m e  i s  k e p t  c o n s t a n t .
The  b i o m a s s  g r o w t h  i s  l i m i t e d  by  t h e  c o n c e n t r a t i o n  o f  a 
s i n g l e  l i m i t i n g  s u b s t r a t e ,  w h i l e  a l l  t h e  o t h e r  n u t r i e n t s  a r e  
i n  e x c e s s .
A s c h e m a t i c  r e p r e s e n t a t i o n  o f  a c h e m o s t a t  i s  show n  i n  
t h e  f i g u r e  1 . 2 . 3  ( a ) .
X = o s = s






> c u ltu re
F ig .1.2.3(a) The chemostat (diagramatic). The biomass and 
growth-lim iting substrate concentrations are  
represented by X and S respectively. S  ^ is the limiting 
substrate in the feed medium; F= Flow Rate;
V= Culture Volume Ref.(75)
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The f l o w  o f  m e d ium  i n t o  t h e  v e s s e l  i s  r e l a t e d  t o  i t s  
v o l u m e  by t h e  t e r m  d i l u t i o n  r a t e  ( D )  a s :
D = F / V
T h a t  i s  t h e  n u m b e r  o f  c u l t u r e  v o l u m e s  o f  m e d ium  p a s s i n g  
t h r o u g h  t h e  g r o w t h  v e s s e l  p e r  u n i t  t i m e ,  t h e  d i m e n s i o n  b e i n g  
r e c i p r o c a l  t i m e  ( h - i ) .
W a s h - o u t  r a t e . A s s u m e  f o r  t h e  moment  t h a t  t h e  b a c t e r i a  
i n  t h e  c u l t u r e  v e s s e l  a r e  n o t  g r o w i n g  o r  d i v i d i n g  . W i t h  
c o m p l e t e  m i x i n g ,  e v e r y  o r g a n i s m  i n  t h e  v e s s e l  h a s  an e q u a l  
p r o b a b i l i t y  o f  l e a v i n g  w i t h i n  a g i v e n  t i m e .  The  w a s h - o u t  
r a t e ,  i . e .  t h e  r a t e  a t  w h i c h  o r g a n i s m s  i n i t i a l l y  p r e s e n t  i n  
t h e  v e s s e l  w o u l d  be w a sh e d  o u t  i f  g r o w t h  c e a s e d  b u t  f l o w  
c o n t i n u e d  i s  g i v e n  b y :
-  d x / d t  = Dx ( 1 ) .
w h e r e  x i s  t h e  c o n c e n t r a t i o n  o f  o r g a n i s m s  i n  t h e  v e s s e l .
B a c t e r i a l  g r o w t h  k i n e t i c s . S u p p o s e  t h a t ,  a t  f i r s t ,  g r o w t h  
i s  a l l o w e d  t o  p r o c e e d  b a t c h w i s e  w i t h o u t  a d d i t i o n  o f  m e d iu m .  
F o l l o w i n g  a p e r i o d  d u r i n g  w h i c h  t h e  g r o w t h  r a t e  o f  t h e  
c e l l s  g r a d u a l l y  i n c r e a s e s ,  t h e  c e l l s  g ro w  a t  a c o n s t a n t ,  
max imum r a t e  and  t h i s  i s  a s  t h e  l o g ,  o r  e x p o n e n t i a l  p h a s e .
The  e x p o n e n t i a l  p h a s e  may be d e s c r i b e d  by  t h e  e q u a t i o n :
d x / d t  = MX ( 2 ) .
Where  x i s  t h e  c o n c e n t r a t i o n  o f  o r g a n i s m s  a t  t i m e  t , p 
i s  t h e  s p e c i f i c  g r o w t h  r a t e .  I n  t h i s  e q u a t i o n  p i s  u s u a l l y  
a ssum ed  t o  be c o n s t a n t .  H o w e v e r  t h i s  a s s u m p t i o n  i s  c o r r e c t
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f
o n l y  when a l l  s u b s t r a t e s  n e c e s s a r y  f o r  g r o w t h  a r e  p r e s e n t  i n  
e x c e s s .
Monod ( 8 8 )  f i r s t  show ed  t h a t  t h e r e  i s  a s i m p l e  
r e l a t i o n s h i p  b e t w e e n  t h e  s p e c i f i c  g r o w t h  r a t e  a n d  t h e  
c o n c e n t r a t i o n  o f  an e s s e n t i a l  g r o w t h  s u b s t r a t e ,  p b e i n g  
p r o p o r t i o n a l  t o  t h e  s u b s t r a t e  c o n c e n t r a t i o n  when t h i s  i s  l o w  
b u t  r e a c h i n g  a l i m i t i n g  s a t u r a t i o n  v a l u e  a t  h i g h  s u b s t r a t e  
c o n c e n t r a t i o n s  a c c o r d i n g  t o  t h e  e q u a t i o n :
p = Pm ax S / ( K s + S ) ( 3 ) .
w h e r e  S i s  t h e  s u b s t r a t e  c o n c e n t r a t i o n ,  pmax i s  t h e  
g r o w t h  r a t e  c o n s t a n t  ( i . e .  t h e  maximum v a l u e  o f  p a t  
s a t u r a t i o n  l e v e l s  o f  s u b s t r a t e )  and  Ks i s  a s a t u r a t i o n  
c o n s t a n t  n u m e r i c a l l y  e q u a l  t o  t h e  s u b s t r a t e  c o n c e n t r a t i o n  a t  
w h i c h  p = 1 / 2  p m a x .
Monod ( 8 8 )  a l s o  s h o w e d  e x p e r i m e n t a l l y  t h a t  t h e r e  was  a 
c o n s t a n t  r e l a t i o n s h i p  b e t w e e n  t h e  g r o w t h  o f  a c u l t u r e  and 
s u b s t r a t e  u t i l i z a t i o n .
d x / d t  = - Y ( d s / d t )  ( 4 ) .
w h e r e  Y i s  t e r m e d  t h e  y i e l d  f a c t o r .  O v e r  a n y  f i n i t e  
p e r i o d  o f  t i m e  d u r i n g  t h e  e x p o n e n t i a l  g r o w t h  p h a s e ,  t h e  
y i e l d  ( Y ) i s  e q u a l  t o  w e i g h t  o f  b a c t e r i a / w e i g h t  o f  s u b s t r a t e  
c o n s u m e d .
C h a ng e s  i n  c o n c e n t r a t i o n  o f  o r g a n i s m s . I n  t h e  c h e m o s t a t  
t h e  o r g a n i s m s  a r e  g r o w i n g  a t  a r a t e  d e s c r i b e d  by e q u a t i o n  
( 2 )  and  s i m u l t a n e o u s l y  b e i n g  w a s h e d  away  a t  a r a t e  
d e t e r m i n e d  by t h e  e q u a t i o n  ( 1 ) .
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The n e t  c h a n g e  i n  c o n c e n t r a t i o n  o f  b i o m a s s  w i t h  t i m e  
w i l l  be d e t e r m i n e d  by  t h e  r e l a t i o n  :
i n c r e a s e  = g r o w t h  -  o u t f l o w  
d x / d t  = p x  -  Dx.  
d x / d t  = x ( p  -  D) ( 5 ) .
I t  f o l l o w s  t h a t  i f  p>D ,  d x / d t  w i l l  be p o s i t i v e  and  t h e  
c o n c e n t r a t i o n  o f  o r g a n i s m s  i n  t h e  c u l t u r e  w i l l  i n c r e a s e  w i t h  
t i m e .  I f ,  h o w e v e r ,  p < D ,  t h e n  d x / d t  w i l l  h a v e  a n e g a t i v e  
v a l u e ,  and  t h e  c e l l  c o n c e n t r a t i o n  w i l l  d i m i n i s h  w i t h  t i m e :  
t h e  c u l t u r e  i s  w a s h e d  o u t  f r o m  t h e  g r o w t h  v e s s e l .  O n l y  when 
p = D w i l l  d x / d t = 0  a nd  t h e  c o n c e n t r a t i o n  o f  o r g a n i s m s  i n  t h e  
c u l t u r e  r e m a i n s  c o n s t a n t  w i t h  t h e  t i m e .  T h i s  c o n d i t i o n  i s  
c a l l e d  s t e a d y  s t a t e .  U n d e r  s u c h  s t e a d y  s t a t e  c o n d i t i o n s ,  t h e  
s p e c i f i c  g r o w t h  r a t e ,  p , o f  t h e  o r g a n i s m s  i n  t h e  c u l t u r e  
v e s s e l  i s  e x a c t l y  e q u a l  t o  t h e  d i l u t i o n  r a t e  D. P r o v i d e d  t h e  
d i l u t i o n  r a t e  i s  m a i n t a i n e d  c o n s t a n t ,  t h e  s y s t e m  i s  s e l f -  
b a l a n c i n g  .
T h i s  r e l a t i o n s h i p  b e t w e e n  t h e  g r o w t h  r a t e  o f  t h e  
o r g a n i s m  and t h e  d i l u t i o n  r a t e  makes i t  p o s s i b l e  t o  a d j u s t  
t h e  g r o w t h  r a t e  o f  t h e  o r g a n i s m ,  w i t h i n  c e r t a i n  l i m i t s ,  t o  
a n y  v a l u e  d e s i r e d .  When t h e  d i l u t i o n  r a t e  i s  i n c r e a s e d  a b o v e  
t h e  s p e c i f i c  g r o w t h  r a t e ,  D > p , t h e n  d x / d t  b eco m e s  n e g a t i v e ,  
t h e  b i o m a s s  d e c r e a s e s ,  and  t h e  s u b s t r a t e  i s  n o t  u t i l i z e d  and  
i n c r e a s e s .  W i t h  p < pmax , t h e  i n c r e a s e d  s u b s t r a t e  
c o n c e n t r a t i o n  p o s i t i v e l y  i n f l u e n c e s  t h e  s p e c i f i c  g r o w t h  r a t e  
up t o  i t s  l i m i t ,  w h e r e  t h e  s p e c i f i c  g r o w t h  r a t e  e q u a l s  t h e  
maximum g r o w t h  r a t e  (p  = p m a x ) .  H o w e v e r ,  t h e  s p e c i f i c  g r o w t h
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r a t e ,  c a n  n o t  be made t o  e x c e e d  pmax a nd  t h e r e f o r e  s t e a d y  
s t a t e  c o n d i t i o n s  c a n  n o t  be o b t a i n e d  a t  d i l u t i o n  r a t e s  a b o v e  
a c r i t i c a l  v a l u e  ( D c ) ,  w h i c h  i s  n e a r l y  e q u a l  t o  p m a x . I f  t h e  
d i l u t i o n  r a t e  i s  s e t  t o  a v a l u e  g r e a t e r  t h a n  D c  , t h e  
b a c t e r i a  w i l l  be w a s h ed  o u t  o f  t h e  c u l t u r e  v e s s e l  f a s t e r  
t h a n  t h e y  c a n  g r o w .  T h e r e f o r e  t h e  c r i t i c a l  v a l u e  o f  t h e  
d i l u t i o n  r a t e  i s  o f  g r e a t  p r a c t i c a l  i m p o r t a n c e .
C h a n g e s  i n  s u b s t r a t e  c o n c e n t r a t i o n .  The  s u b s t r a t e  e n t e r s  
t h e  g r o w t h  v e s s e l  a t  c o n c e n t r a t i o n  So,  i s  co nsu m e d  by t h e  
o r g a n i s m s ,  and  e m e r g e s  i n  t h e  o v e r f l o w  a t  a c o n c e n t r a t i o n  S.  
T h e r e f o r e ,  t h e  n e t  c h a n g e  i n  s u b s t r a t e  c o n c e n t r a t i o n  i s  :
i n c r e a s e  o f  s u b s t r a t e  = i n p u t  -  o u t p u t  -  c o n s u m p t i o n
d s / d t  = DSo DS ( g r o w t h / Y i e l d )
T
f r o m  e q u a t i o n  ( 4 )  
d s / d t  = D{So -  8 )  -  p x / Y  ( 6 ) .
R e a r r a n g i n g  t h e  e q u a t i o n  ( 6 )  a nd  s u b s t i t u t i n g  p by 
e q u a t i o n  ( 3 )
d s / d t  = D(So -  S)  -  {pma X x / Y } { S / ( K s  + S ) }  ( 7 ) .
S i m i l a r l y  p c a n  be s u b s t i t u t e d  f o r  e q u a t i o n  ( 5 )
d x / d t  = X { [^pm a X S /  ( K s + S ) j — D}  ( 8 ) .
The  e q u a t i o n s  ( 7 )  and  ( 8 )  d e f i n e  t h e  b e h a v i o u r  o f  t h e  
c u l t u r e  i n  t h e  c h e m o s t a t .  T h e y  a l s o  sh ow  t h a t  t h e  c o n t i n u o u s  
c u l t u r e ,  i n  s p i t e  o f  t h e  i n i t i a l  s t a t e  o f  t h e  c u l t u r e ,  
s h o u l d  f i n a l l y  e s t a b l i s h  a s t e a d y  s t a t e .
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B e c a u s e  e q u a t i o n s  ( 7 )  and  ( 8 )  e q u a l  z e r o  i n  a s t e a d y  
s t a t e ,  t h e  v a l u e s  o f  x and  S, w h i c h  w i l l  be d e s i g n a t e d  x a nd  
S c a n  be c a l c u l a t e d  f o r  t h e  c o n d i t i o n s  o f  t h e  s t e a d y  s t a t e .  
F o r  t h e  c a l c u l a t i o n  o f  x ,  e q u a t i o n  ( 7 )  i s  u s e d
D(So -  S )  = { p m a x X / Y } { S / ( K s  +  S)}
S i n c e  i n  t h e  s t e a d y  s t a t e  D = p m a x { S / ( K s  +  8 }
X  = Y(So - S) (9)
The  c o n c e n t r a t i o n  o f  t h e  S i s  t h e n  d e t e r m i n e d  f r o m  
e q u a t i o n  ( 8 )
P m a x S / ( K s  + S ) =  D
S = D K s / ( p m a x  -  D )  ( 1 0 )
S u b s t i t u t i n g  S f r o m  e q u a t i o n  ( 1 0 )  i n  e q u a t i o n  ( 9 ) ,  i t
f o l 1ows t h a t
X =  Y  {So -  Ks f  D / (  Pm a X - D ) ^  }
As a p r o d u c t i o n  p r o c e s s ,  t h e  t o t a l  o u t p u t  f r o m  a 
c o n t i n u o u s  c u l t u r e  u n i t ,  i s  e q u a l  t o  t h e  p r o d u c t  o f  d i l u t i o n  
r a t e  and  c o n c e n t r a t i o n  o f  m i c r o o r g a n i s m s .  T h e r e  i s  a v a l u e  
o f  D f o r  w h i c h  t h e  p r o d u c t  Dx i s  a max im um;  i n  o t h e r  w o r d s ,  
f o r  a n y  s y s t e m  t h e r e  i s  a p a r t i c u l a r  d i l u t i o n  r a t e ,  Dm,
w h i c h  g i v e s  t h e  maximum o u t p u t  o f  m i c r o o r g a n i s m s  w i t h o u t
e x c e s s i v e  s u b s t r a t e  b e i n g  l e f t  i n  t h e  e f f l u e n t .
The  f i g u r e  1 . 2 . 3 ( b )  s h o w s  t h e  r e l a t i o n s h i p  b e t w e e n
b a c t e r i a l  c o n c e n t r a t i o n  ( x ) ,  s u b s t r a t e  c o n c e n t r a t i o n  ( S ) ,  
d o u b l i n g  t i m e  ( d t ) ,  and b a c t e r i a l  o u t p u t  ( D x ) ,  a t  d i f f e r e n t  
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Dilution rate, 0  (hr."^)
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Figure 1.2.3 ih )R e la tio n sh ip s  between bacteria l concentration, substrate
concentration, doubling time, and  bacteria l y ie ld  in the steady state , a t  
different d ilu tion rates ( D )  in a chemostat. Ref (4 0)
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1 . 2 . 2 . 1  ZYMOMONAS M O B IL IS  AND CONTINUOUS FERMENTATION.
N u m e r o u s  w o r k s  ha ve  been  d e v o t e d  t o  c o n t i n u o u s  
f e r m e n t a t i o n  f o r  t h e  p r o d u c t i o n  o f  e t h a n o l  v i a  on  y e a s t  
( 5 5 , 9 4 , 5 4 , 6 1 ) .  H o w e v e r , r e c e n t l y  a s i g n i f i c a n t  p o r t i o n  o f  
r e s e a r c h  i n  t h i s  a r e a  h a s  been b as e d  on Zym om onas m o b i l i s .  
Some o f  t h e  a d v a n t a g e s  o f  t h e  Zym om onas  p r o c e s s  r e p o r t e d  i n  
s t u d i e s  a r e :
( a )  S i g n i f i c a n t l y  h i g h e r  s p e c i f i c  r a t e s  o f  s u g a r  u p t a k e  
a nd  e t h a n o l  p r o d u c t i o n  c o m p a r e d  w i t h  t h o s e  f o u n d  f o r  y e a s t s  
( 4 6 ) ;
( b )  C o n s i d e r a b l y  h i g h e r  v o l u m e t r i c  e t h a n o l  p r o d u c t i v i t i e s  
( 4 8 ) ;
( c )  H i g h e r  e t h a n o l  y i e l d s  and l o w e r  b i o m a s s  p r o d u c t i o n  
t h a n  f o r  y e a s t s  ( 8 3 ) ;
( d )  Zym om onas  c u l t u r e s  g ro w  a n a e r o b i c a l l y  , b u t  u n l i k e  
y e a s t s  do  n o t  r e q u i r e  a s m a l l  ( b u t  c o n t r o l l e d )  s u p p l y  o f  
o x y g e n  t o  m a i n t a i n  b o t h  v i a b i l i t y  and  h e n c e  e t h a n o l  
p r o d u c t i v i t y  a t  h i g h  c e l l  c o n c e n t r a t i o n s  ( 5 7 ) .
( e )  The g e n e t i c  m a n i p u l a t i o n  o f  Zym om onas  s h o u l d  be 
s i m p l e r  t h a n  f o r  y e a s t s  ( 8 8 ) .
1 . 2 . 2 . 2  CONTINUOUS FERMENTATION OF GLUCOSE BY ZYMOMONAS 
M O B IL IS .
Lee  e t  a l .  ( 5 3 )  h a v e  r e p o r t e d  s t u d i e s  u t i l i s i n g  
Zym om onas m o b i l i s  i n  c o n t i n u o u s  c u l t u r e  w i t h  10 ,  15 and  20%
g l u c o s e  m e d i a .  A t  10% g l u c o s e ,  s t e a d y  s t a t e  c o n d i t i o n s  w e r e  
a c h i e v e d  u n d e r  g l u c o s e - l i m i t e d  c o n d i t i o n s .  H o w e v e r  when
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h i g h e r  c o n c e n t r a t i o n s  w e r e  u s e d ,  t h e  s u g a r  was n o t  f u l l y  
m e t a b o l i z e d  e v e n  a t  l o w  d i l u t i o n  r a t e s  and  o s c i l l a t o r y  
b e h a v i o u r  was  s h o w n .  I t  was p r o p o s e d  t h a t  e t h a n o l  i n h i b i t i o n  
o f  g r o w t h  was  r e s p o n s i b l e  f o r  t h i s  p h e n o m e n a .  The s t r a i n  
u s e d  ATCC 10988  a l s o  sh ow ed  a r e l a t i v e l y  h i g h  p r o p o r t i o n  o f  
g l u c o s e  u s e d  f o r  m a i n t e n a n c e  e n e r g y  p r o b a b l y  due  t o  a h i g h  
c o n c e n t r a t i o n  o f  g l u c o s e  i n  t h e  c u l t u r e  v e s s e l ,  i n c r e a s e d  
o s m o t i c  p r e s s u r e  a nd  i n c r e a s e d  e t h a n o l  c o n c e n t r a t i o n  i n  a 
15% a s y s t e m .
Lee  e t  a l .  ( 5 0 )  h a v e  a l s o  r e p o r t e d  s t u d i e s  w i t h  Zym om onas  
m o b i l i s  ZM4 w i t h  6 ,  10 ,  1 3 . 5  a nd  17% g l u c o s e  m e d i a .  I t  was
e v i d e n t  t h a t  f o r  t h o s e  m e d i a  w i t h  l o w e r  c o n c e n t r a t i o n s  o f  
g l u c o s e ,  t h e  c u l t u r e s  b e h a v e d  a s  a g l u c o s e - l i m i t e d  c h e m o s t a t  |
a t  l o w  d i l u t i o n  r a t e s .  H o w e v e r ,  when 17% g l u c o s e  med ium was 
u s e d ,  t h e  g l u c o s e  was i n  e x c e s s  a t  a l l  d i l u t i o n  r a t e s  
t e s t e d .  T h i s  was t a k e n  t o  i n d i c a t e  t h a t  t h e  g r o w t h  was  
e t h a n o l - 1 i m i t e d . T h i s  s t r a i n  show ed  t o  be s u p e r i o r  t o  
s t r a i n s  ATCC 1 09 88  as b o t h  t h e  s p e c i f i c  g r o w t h  r a t e  and  t h e  
s p e c i f i c  e t h a n o l  p r o d u c t i o n  r a t e  w e r e  h i g h e r  and  t h i s  s t r a i n  
was l e s s  i n f l u e n c e d  by t h e  c o n c e n t r a t i o n  o f  e t h a n o l  i n  t h e  
m e d iu m .
Lee  e t  a l .  ( 5 2 )  h a v e  c l a i m e d  t h a t  t h e  e t h a n o l  i n h i b i t i o n  
e f f e c t  i s  e n h a n c e d  a t  h i g h  t e m p e r a t u r e  ( 3 7 °  C ) f o r  t h e  
s t r a i n  ZM4 a t  d i l u t i o n  r a t e  0 . 1 0  h~ .
The  f e r m e n t a t i o n  o f  g l u c o s e  b a s e d  on  Zym om onas m o b i l i s  i n  
c o n t i n u o u s  c u l t u r e  h a s  a l s o  been  r e p o r t e d  by L a v e r s  e t  
a l .  ( 4 5 ) .  T h e s e  r e s e a r c h e r s  h a v e  u s e d  t h e  s t r a i n  ATCC 29191 
and  10% g l u c o s e  m e d iu m .  A c c o r d i n g  t o  t h e m ,  d u e  t o  i n h i b i t o r y
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e f f e c t  o f  t h e  a l c o h o l ,  t h e  f e r m e n t e r  c o u l d  n o t  be o p e r a t e d  i
u n d e r  c o n d i t i o n s  o f  g l u c o s e - l i m i t a t i o n  a t  v a l u e s  o f  d i l u t i o n  i
r a t e  h i g h e r  t h a n  0 . 2 0  h - i .  !
i
C r o m i e  and  D o e l l e  ( 2 3 )  h a v e  e s t a b l i s h e d  o p t i m a l  g r o w t h  I
c o n d i t i o n s  f o r  s t r a i n  Z 1 0 ,  a l a b o r a t o r y  s t r a i n  d e v e l o p e d  ï
f r o m  ATCC 1 0 9 8 8 ,  u s i n g  c o n t i n u o u s  c u l t i v a t i o n  m e t h o d s  t h a t  I
c o n c e n t r a t i o n s  o f  v a r i o u s  m i n e r a l  c o m p o n e n t s  w e r e  u s e d  a n d  J
s u p p l e m e n t e d  w i t h  y e a s t  e x t r a c t  o r  p a n t o t h e n i c  a c i d . %%A l t h o u g h  i t  c e r t a i n l y  a p p e a r s  t h a t  m a g n e s iu m  p l a y s  a m a j o r  4
r o l e  i n  t h e  p a s s a g e  o f  g l u c o s e  a c r o s s  t h e  c e l l  m e m b ra n e ,  4
i n c r e a s i n g  i t s  a m o u n t  d i d  n o t  i m p r o v e  g l u c o s e  u t i l i z a t i o n .  i
I t  was  f o u n d  t h a t  g r o w t h  f a c t o r  r e q u i r e m e n t s  w e r e  s a t i s f i e d  
w i t h  t h e  a d d i t i o n  o f  y e a s t  e x t r a c t  b u t  w e re  n o t  w i t h  t h e  
a d d i t i o n  o f  p a n t o t h e n a t e  a l o n e .
Th e  r e n e w e d  i n t e r e s t  i n  e t h a n o l  a s  a l i q u i d  f u e l  h a s  
s t i m u l a t e d  r e s e a r c h  and  d e v e l o p m e n t  i n t o  c o n t i n u o u s  
f e r m e n t a t i o n  p r o c e s s .  The  p u b l i c a t i o n  o f  B r i n g e r  and  Sahm 
( 1 7 )  i s  a c a s e  i n  p o i n t .  T h e s e  r e s e a r c h e r s  h a v e  r e p o r t e d  
f e r m e n t a t i o n  c o n d u c t e d  on a 50 m^ s c a l e  u t i l i s i n g  i n d u s t r i a l  
w a s t e  s t a r c h  f r a c t i o n  (B s t a r c h )  w h i c h  i s  f o r m e d  i n  t h e  
c o u r s e  o f  t h e  p r o d u c t i o n  o f  g l u c o s e  s y r u p  f r o m  w h e a t  f l o u r .
T h i s  s t a r c h  was f i r s t  e n z y m a t i c a l l y  h y d r o l y z e d  and p r o d u c e d  
12% ( w / v )  o f  g l u c o s e  a nd  t h e  p r o c e s s  r u n  a t  d i l u t i o n  r a t e  o f  
0 . 0 7  h “ ■' . The  m a i n  p r o b l e m  was t h e  a p p e a r a n c e  o f  a c i d  l a c t i c  
a nd  a d e c r e a s e  o f  f e r m e n t a t i o n  p r o d u c t i v i t y  a f t e r  2 - 3  d a y s  
o f  c o n t i n u o u s  o p e r a t i o n .  H o w e v e r ,  i n  s e v e r a l  r u n s  s t e a d y -  
s t a t e  c o n d i t i o n s  w e r e  r e - e s t a b l i s h e d  a f t e r  2 4 - 3 0  h o u r s  a nd  
t h e  f e r m e n t a t i o n s  p r o c e e d e d  o v e r  t i m e  p e r i o d s  o f  up t o  20 
d a y s .
- - ' 
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B a r a t t i  e t  a l .  ( 9 )  h a v e  i s o l a t e d  a f l o c c u l e n t  s t r a i n  o f  
Zym om onas m o b i l i s .  The  i s o l a t i o n  was d o n e  i n  a c o n i c a l  
f e r m e n t e r  a t  h i g h  d i l u t i o n  r a t e  o f  0 . 5  h~ ■< , T h i s  new i s o l a t e  
named ZM4F JM1 was a b l e  t o  f e r m e n t  10% g l u c o s e  m e d ium  a t  
d i l u t i o n  r a t e s  f r o m  0 . 1  t o  2 h - i .  The e t h a n o l  c o n c e n t r a t i o n  
was h i g h e r  t h a n  40  g / 1  up t o  a d i l u t i o n  r a t e  o f  1 .5  h - i .  The 
g e o m e t r y  o f  t h e  f e r m e n t o r  a l l o w e d  t h e  b i o m a s s  c o n c e n t r a t i o n  
t o  r e a c h  h i g h  v a l u e s  ( 1 5 - 2 0  g / 1 ) .
The  k n o w l e d g e  o f  f a c t o r s  i n f l u e n c i n g  t h e  m o r p h o l o g y  and  g
%p e r f o r m a n c e  o f  Zym om onas  a r e  o f  i m p o r t a n c e  i n  t h e
&
d e v e l o p m e n t  o f  c o m m e r c i a l l y  s u c c e s s f u l  f e r m e n t a t i o n s  and  o f  
n o v e l  t y p e s  o f  b i o r e a c t o r s .
S t e v n s b o r g  e t  a l .  ( 9 3 )  h a v e  r e p o r t e d  t h a t  i n c r e a s i n g  t h e  
t e m p e r a t u r e  i n  c h e m o s t a t  c u l t u r e  o f  Zym om onas  w i t h  l o w  and 
h i g h  g l u c o s e  c o n c e n t r a t i o n s  c a u s e d  a d e c r e a s i n g  f r e q u e n c y  o f  
s e p t a t i o n s  l e a d i n g  t o  t h e  f o r m a t i o n  o f  l o n g  f i l a m e n t s  and  
r e g i o n s  o f  t h e  o u t e r  membrane  t h a t  w e r e  t h o u g h t  t o  be 
d i s r u p t i n g .  T h i s  o b s e r v a t i o n  h as  s u g g e s t e d  t h a t  t h e  a r r e s t  
o f  s e p t a t i o n  a nd  c e l l  d i v i s i o n  was d u e  t o  t e m p e r a t u r e -
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S t e v n s b o r g  a nd  L a w f o r d  ( 9 1 )  h a v e  s t u d i e d  t h e  e f f e c t  o f  f
c a l c i u m  i n  c h e m o s t a t  c u l t u r e  o f  Zym om onas  i n  10% g l u c o s e  
p l u s  s a l t s  m e d iu m .  P h a s e  m i c r o s c o p y  o f  t h e  s a m p l e s  r e v e a l e d  
f i l a m e n t o u s  g r o w t h  a t  c a l c i u m  c o n c e n t r a t i o n s  h i g h e r  t h a n  30 
mM. The e f f e c t  o f  c a l c i u m  t o  i n d u c e  f i l a m e n t  f o r m a t i o n  was 
n o t i c e d  t o  be e n h a n c e d  by CO2 . The a u t h o r s  h a v e  s u g g e s t e d  
t h a t  a l t h o u g h  c a l c i u m  i n f l u e n c e s  t h e  g r o w t h  m o r p h o l o g y ,  i t  
d o e s  n o t  h a v e  a n y  e f f e c t  on e i t h e r  t h e  g r o w t h  r a t e  o r  t h e  
b i o m a s s  y i e l d . .
%
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S t e v n s b o r g  and  L a w f o r d  ( 9 2 )  h a v e  p u b l i s h e d  a c o m p a r a t i v e  
s t u d y  o f  s t r a i n  ATCC 31821 and  i t s  m u t a n t  ATCC 318 23  u s i n g  a 
me d ium  c o n t a i n i n g  10% ( w / v )  g l u c o s e .  The  m u t a n t  s t r a i n  ATCC 
3 1 8 2 3  was s e l e c t  f r o m  a n i t r o s o g u a n i d i n e - m u t a g e n i z e d  
c u l t u r e  o f  ATCC 31821 by v i r t u e  o f  i t s  g r o w t h  and s u r v i v a l  
i n  15% ( v / v )  e t h a n o l .  The c o n c l u s i o n  o f  t h e s e  r e s e a r c h e r s
was t h a t  no  s i g n i f i c a n t  d i f f e r e n c e s  w e r e  s e e n  b e t w e e n  t h e  
t w o  s t r a i n s  a s  b o t h  s t r a i n s  show ed  a s i m i l a r  p e r f o r m a n c e  a t  
a f i x e d  d i l u t i o n  r a t e  Of 0 . 1 0  h “  ^ .
M o re  r e c e n t l y ,  t h e  p a r e n t a l  s t r a i n  (ATCC 3 1 8 2 3 ) ,  w h i c h  
was o r i g i n a l l y  i s o l a t e d  i n  Z a i r e ,  h a s  been  s t u d i e d  by
S c h m i d t  a nd  S c h ü g e r l  ( 8 5 )  t o  p r o d u c e  e t h a n o l  i n  c o n t i n u o u s
c u l t u r e  i n  t h e  p r e s e n c e  o f  a s p a r t a t e  as c o - s u b s t r a t e  t o  
a v o i d  n i t r o g e n  l i m i t a t i o n .  The  g l u c o s e  c o n c e n t r a t i o n s  u s e d  
w e r e  6 ,  10 a nd  15% ( w / v ) .  The  r e s u l t s  sh ow e d  t h a t  c e l l  mass
and  e t h a n o l  c o n c e n t r a t i o n s  d i m i n i s h  w i t h  - h i g h  v a l u e s  o f
d i l u t i o n  r a t e s  a nd  s u b s t r a t e  i n h i b i t i o n  s t a r t e d  a t  7 0 - 8 0  g / 1  
g l u c o s e .  No p r o d u c t  i n h i b i t i o n  was f o u n d  a t  e t h a n o l
s e n s i t i v e  e n z y m e s  i n v o l v e d  i n  s e p t a t i o n .  When 2% g l u c o s e  
m ed ium  was u s e d ,  t h e  e l e v a t i n g  o f  t h e  t e m p e r a t u r e  f r o m  30°  C 
t o  35°  C c a u s e d  a f i v e  f o l d  i n c r e a s e  i n  t h e  m a i n t e n a n c e  |  
e n e r g y  c o e f f i c i e n t  b u t  d i d  n o t  a p p r e c i a b l y  a f f e c t  t h e  
max imum g r o w t h  y i e l d . I t  was a l s o  o b s e r v e d  t h a t  o p e r a t i n g  t h e  
f e r m e n t e r  a t  e l e v a t e d  t e m p e r a t u r e  o f  33°  C i n s t e a d  o f  30° C I
i n  c h e m o s t a t  w i t h  10% g l u c o s e  a p p e a r e d  t o  be a d v a n t a g e o u s  J  
s i n c e  t h e r e  was  an i n c r e a s e  i n  b o t h  t h e  r a t e  o f  g l u c o s e  
u p t a k e  a n d  t h e  r a t e  o f  e t h a n o l  f o r m a t i o n .  H o w e v e r  f u r t h e r  
i n c r e a s e s  i n  t e m p e r a t u r e  r e s u l t e d  i n  a h i g h  e f f l u e n t  g l u c o s e
'Ic o n c e n t r a t i o n  a t  a d i l u t i o n  r a t e  o f  0 . 2 4  h r i .  «




c o n c e t r a t i  o n s  o f  up t o  70 g / 1 .  F u r t h e r m o r e  t h e  c e l l  mass  j6
y i e l d  c o e f f i c i e n t  s h ow ed  t o  be d e p e n d e n t  on d i l u t i o n  r a t e  t
a nd  on  m a i n t e n a n c e  c o e f f i c i e n t  a c c o r d i n g  t o  a n o n - l i n e a r  j;
r e l a t i o n s h i p  u n l i k e  c u l t i v a t i o n s  w i t h  c o m p l e x  m e d i a  f o r  |
w h i c h  a l i n e a r  r e l a t i o n s h i p  e x i s t s  b e tw e e n  y i e l d  c o e f f i c i e n t
■4
and  d i l u t i o n  r a t e  . I t  was a l s o  o b s e r v e d  t h a t  t h e  i
m a i n t e n a n c e  c o e f f i c i e n t  beca m e s  l a r g e r  w i t h  i n c r e a s i n g  
s u b s t r a t e  a n d / o r  p r o d u c t  c o n c e n t r a t i o n .
1 . 2 . 2 . 3  CONTINUOUS FERMENTATION OF FRUCTOSE BY ZYMOMONAS i
f
M O B IL IS  Q
By f a r  t h e  g r e a t e r  p r o p o r t i o n  o f  p u b l i s h e d  w o r k  u s i n g  
Zym om onas m o b i l i s  f o r  e t h a n o l  p r o d u c t i o n  h as  u s e d  g l u c o s e  a s  |  
s u b s t r a t e .  T h i s  s u b s t r a t e  c a n  be o b t a i n e d  f r o m  p o l y m e r s  s u c h  
as  s t a r c h  and  c e l l u l o s e  a f t e r  a h y d r o l y s i s  p r o c e s s .  H o w e v e r  
a n o t h e r  s o u r c e  o f  f e r m e n t a b l e  s u g a r  w h i c h  c a n  be u t i l i z e d  b y  i;
t h e s e  b a c t e r i a  i s  f r u c t o s e .  F r u c t o s e  ca n  be o b t a i n e d  f r o m  4
r e n e w a b l e  a g r i c u l t u r a l  s o u r c e s ,  t u b e r s  o f  J e r u s a le m  
a r t i c h o k e  a r e  a c a s e  i n  p o i n t .
I
T o r a n - D i a z  e t  a l .  ( 1 0 0 )  h a v e  s t u d i e d  t h e  i n f l u e n c e  o f  pH 4
and  m e d ium  c o m p o s i t i o n  when f r u c t o s e  10% ( w / v )  i s  t h e  $
s u b s t r a t e  u s i n g  b a t c h  c u l t u r e .  When y e a s t  e x t r a c t  a t  
0 . 5 % ( w / v )  i n  t h e  m ed ium  c o m p o s i t i o n  was u s e d ,  v e r y  l i t t l e  
g r o w t h  o c c u r e d  a t  pH 4 . 0 ,  b u t  f o r  pH 5 t o  6 . 5  t h e  max imum 
b i o m a s s  w e r e  a b o u t  t h e  same ( 1 . 7  g / 1 )  and  v a l u e s  o f  e t h a n o l  
w e r e  a l s o  k e p t  t h e  same ( 4 2  g / 1 ) .  When y e a s t  e x t r a c t  was 
r e p l a c e d  by p a n t h o t h e n a t e , a t  5 x lO - s  g / 1 ,  c e l l  y i e l d  was 
a s  h i g h  as  w i t h  y e a s t  e x t r a c t ;  w h i l e  t h e  s p e c i f i c  g r o w t h
Y
r a t e  was l o w e r .  The f i n a l  e t h a n o l  c o n c e n t r a t i o n  k e p t  t h e  





T o r a n - D i a z  e t  a l .  ( 1 0 2 )  h a v e  u sed  s t r a i n  ZM 4 i n  s t u d i e s  i
c a r r i e d  o u t  i n  c o n t i n u o u s  c u l t u r e .  The  r e s u l t s  sh ow e d  t h a t  
max imum v a l u e s  o f  b i o m a s s  a nd  e t h a n o l  w e r e  r e s p e c t i v e l y  0 . 7  
g / 1  a nd  46 g /1  a t  d i l u t i o n  r a t e  b e l o w  0 . 0 7  h - i .  H o w e v e r  t h e  
p e r c e n t a g e  o f  f r u c t o s e  c o n v e r s i o n  d r o p p e d  s h a r p l y  f r o m  97% 
t o  48% when t h e  d i l u t i o n  r a t e  was i n c r e a s e d  t o  0 . 0 9  h - i .
■ %
A l l a i s  e t  a l .  ( 3 )  h a v e  d e s c r i b e d  t h e  c o n v e r s i o n  o f  M
e n z y m a t i c a l l y  h y d r o l y z e d  o f  i n u l  i n  f r o m  t u b e r s  o f  J e r u s a l e m  
a r t i c h o k e  t o  e t h a n o l  u s i n g  s t r a i n  ZMF4, a f l o c c u l e n t  m u t a n t  
f r o m  s t r a i n  ATCC 3 1 8 2 1 .  The  s u g a r  c o n c e n t r a t i o n  was a d j u s t e d  
a t  100 g / 1  a nd  a f e r m e n t e r  w i t h  a i n t e r n a l  s e t t l e r  i n  o r d e r  
t o  a c h i e v e  h i g h e r  c o n c e n t r a t i o n s  o f  b i o m a s s  was u s e d .  As a 
r e s u l t ,  b i o m a s s  r e a c h e d  22 g /1  w h i c h  i s  much h i g h e r  t h a n  t h e
c o n c e n t r a t i o n  o b s e r v e d  w i t h  a non  f l o c c u l e n t  s t r a i n .  |
R e s i d u a l  s u g a r  c o n c e n t r a t i o n  was l o w  ( l e s s  t h a n  1 . 6  g / 1 )  f o r  
d i l u t i o n  r a t e s  l o w e r  t h a n  1 h -^  and t h e n  i n c r e a s e d  s l o w l y  t o  
16 g / 1 .  The  e t h a n o l  c o n c e n t r a t i o n  d e c r e a s e d  s l o w l y  f r o m  50 
g /1  t o  35 g /1  a t  h i g h  d i l u t i o n  r a t e  ( 2 . 5  h -^  ) .
1 . 2 . 2 . 4  CONTINUOUS FERMENTATION OF SUCROSE BY ZYMOMONAS 
M O B IL IS .
The  p r i n c i p a l  s u b s t r a t e  f o r  e t h a n o l  f e r m e n t a t i o n  
i n  u s e  i n  B r a z i l  i s  s u c r o s e  f r o m  s u g a r  c a n e .  I t  i s  a 
r e n e w a b l e  and  r e l a t i v e l y  i n e x p e n s i v e  s o u r c e  o f  s u c r o s e  and  
s u g a r  c a n e  i s  an o l d  a nd  t r a d i t i o n a l  c r o p ,  l i n k e d  w i t h  
e c o n o m i c  h i s t o r y  o f  B r a z i l  and  w i d e l y  c u l t i v e t e d  t h r o u g h  o u t  ;|
t h e  c o u n t r y  on  a l a r g e  s c a l e .
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S u g a r  c a n e  o f f e r s  a p o t e n t i a l  y i e l d  o f  o v e r  4 , 0 0 0  l i t r e s  
o f  e t h a n o l  p e r  h e c t a r e  p e r  annum ( 6 7 ) ,  t h e  h i g h e s t  f o r  a ny  
c r o p ,  and  t h e  e n e r g y  b a l a n c e  f o r  e t h a n o l  p r o d u c t i o n  i s  m o re  |
f a v o u r a b l e  t h a n  w i t h  o t h e r  c r o p s  due  t o  t h e  c o n t r i b u t i o n  'IIo b t a i n a b l e  by  b u r n i n g  t h e  b a g a s s e ,  t h e  r e m a i n s  a f t e r  |
Ie x t r a c t i n g  t h e  s u g a r .  ;
B e c a u s e  o f  t h e  l o w  p r i c e  o f  s u g a r  on  t h e  w o r l d  m a r k e t  
t h e  o p p o r t u n i t y  c o s t  u s i n g  i t  f o r  e t h a n o l  p r o d u c t i o n  i s  l o w .  
F u r t h e r m o r e  B r a z i l  h a s  t h e  n e c e s s a r y  c o n d i t i o n s  f o r  a I
s u b s t a n t i a l  i n c r e a s e  i n  s u g a r  ca n e  p r o d u c t i o n  due  t o  i t s  
l a r g e  a r e a s  s u i t a b l e  f o r  e x p a n s i o n  o f  t h e  c r o p  and  t e c h n i c a l  
s u p p o r t  by e x p e r i m e n t a l  s t a t i o n s  w i t h  t h e  c a p a c i t y  and  
e x p e r i e n c e  t o  d e v e l o p  i n c r e a s i n g l y  p r o d u c t i v e  h y b r i d s ,  h i g h  J
i n  s u g a r  c o n t e n t  a nd  d i s e a s e  r e s i s t a n c e  ( 7 4 ) .
H o w e v e r  e t h a n o l  p r o d u c t i o n  b ase d  on Zym om onas m o b i l i s  
a nd  s u c r o s e  l e a d s  t o  r e d u c t i o n  o f  e t h a n o l  y i e l d .  T h i s  i s  
c a u s e d  by  t h e  f o r m a t i o n  o f  t w o  m a j o r s  b y - p r o d u c t s .  L eva n  
was r e p o r t e d  as  e a r l y  as 1962 ( 8 0 )  w h i l e  t h e  p r o d u c t i o n  o f  
s o r b i t o l  was r e p o r t e d  more  r e c e n t l y  ( 1 0 4 ) .
I n  b a t c h  c u l t u r e ,  when an e q u i m o l a r  m i x t u r e  o f  g l u c o s e  
and  f r u c t o s e  i s  u s e d  f o r  e t h a n o l  p r o d u c t i o n ,  s o r b i t o l  i s  
f o r m e d  as  a m a j o r  b y - p r o d u c t  a nd  i t  a c c o u n t s  f o r  11% o f  t h e  
o r i g i n a l  s u b s t r a t e  ( 1 0 5 ) .  When e t h a n o l  i s  p r o d u c e d  f r o m  
s u c r o s e ,  t h e  f o r m a t i o n  o f  l e v a n  and s o r b i t o l  r e d u c e s  t h e  
e t h a n o l  y i e l d  t o  80% o f  t h e o r e t i c a l  v a l u e s  w h i l e  i t  i s  a t  
l e a s t  94% o f  t h e o r e t i c a l  i f  g l u c o s e  o r  f r u c t o s e  i s  u s e d  





S i n c e  s u c r o s e  h y d r o l y s i s  c a n  be e a s i l y  p e r f o r m e d  u s i n g  
a s o l u b l e  o r  i m m o b i l i z e d  i n v e r t a s e  t o  t r e a t  a n a t u r a l  s o u r c e  
o f  s u c r o s e  s u c h  a s  c a n e  j u i c e  o r  m o l a s s e s ,  h i g h e r  e t h a n o l  
y i e l d s  a r e  e x p e c t e d  on h y d r o l y z e d  s u c r o s e  b e c a u s e  l e v a n  
f o r m a t i o n  c a n  n o t  o c c u r  and  s o r b i t o l  f o r m a t i o n  i s  e x p e c t e d  
t o  be l o w .
F a v e l a  T o r r e s  a nd  B a r a t t i  ( 3 1 )  h a v e  r e p o r t e d  t h e  e f f e c t  
o f  d i l u t i o n  r a t e  a n d  s u g a r  c o n c e n t r a t i o n  on t h e  k i n e t i c  and  
y i e l d  p a r a m e t e r s  o f  e t h a n o l  p r o d u c t i o n  f r o m  an e q u i m o l a r  
m i x t u r e  o f  g l u c o s e  a nd  f r u c t o s e  by  a f l o c c u l e n t  s t r a i n  o f  |
Zym om onas m o b i l i s  u s i n g  a f e r m e n t e r  w i t h  a i n t e r n a l  s e t t l e r .
T h e i r  r e s u l t s  s h o w e d  t h a t ,  a t  a c o n c e n t r a t i o n  o f  100 g / 1 ,  an 
e q u i m o l a r  m i x t u r e  o f  g l u c o s e  and  f r u c t o s e  was  e f f i c i e n t l y  
c o n v e r t e d  i n t o  e t h a n o l .  A t  d i l u t i o n  r a t e s  up t o  0 . 8  h ’ ■' t h e  
e t h a n o l  y i e l d  ( 0 . 5  g / g )  was h i g h e r  t h a n  t h a t  o b s e r v e d  on
s u c r o s e  ( 0 . 4 3  g / g ) .  T h i s  h i g h  e t h a n o l  y i e l d  was m a i n l y  t h e
r e s u l t  o f  l o w  s o r b i t o l  c o n c e n t r a t i o n  o b s e r v e d  and  t h e
a b s e n c e  o f  l e v a n  f o r m a t i o n .  A t  d i l u t i o n  r a t e  h i g h e r  t h a n
0 . 8  h"  t h e  e t h a n o l  y i e l d  d e c r e a s e d  as  a r e s u l t  o f  s o r b i t o l  Y
f o r m a t i o n .  I n  p a r a l l e l ,  t h e  f r u c t o s e  u p t a k e  r a t e  d e c r e a s e d  
w h i l e  g l u c o s e  u p t a k e  was u n a f f e c t e d .  As a c o n s e q u e n c e  
f r u c t o s e  a c c u m u l a t e d  f a s t e r  t h a n  g l u c o s e  i n  t h e  f e r m e n t e r .
W i t h  t h e  u s e  o f  a f l o c c u l e n t  s t r a i n  a nd  a f e r m e n t e r  w i t h  a 
i n t e r n a l  s e t t l e r ,  t h e  b i o m a s s  r e a c h e d  12 g / 1 .  F i g u r e s  o f
b i o m a s s  and  e t h a n o l  ( 1 0 . 5  and  48 g / 1 )  w e r e  c o n s t a n t
r e s p e c t i v e l y  f o r  s u g a r  c o n c e n t r a t i o n s  f r o m  100 t o  140 g /1  a t  
a c o n s t a n t  d i l u t i o n  r a t e  o f  0 . 4  h - i .  B o t h  c o n c e n t r a t i o n s  
d e c r e a s e d  i n  p r e s e n c e  o f  160 g /1  o f  e q u i m o l a r  m i x t u r e  o f  
g l u c o s e  a nd  f r u c t o s e .  S o r b i t o l  p r o d u c t i o n  i n c r e a s e d  l i n e a r l y
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Iw i t h  s u g a r  c o n c e n t r a t i o n s  and  r e a c h e d  a m a x im a l  v a l u e  o f  12 Y'
Y
g / 1 .  F r u c t o s e  a c c u m u l a t e d  i n  t h e  b r o t h  f a s t e r  t h a n  g l u c o s e  I
and  t h e  e t h a n o l  y i e l d  d e c r e a s e d  f r o m  0 . 4 9  t o  0 . 3 0  g . 9 " •  i
L ee  e t  a l .  ( 5 1 )  h a v e  g ro w n  Zym om onas m o b i l i s  ZM4 on 10% 
a nd  15% s u c r o s e  ( w / v )  i n  c o n t i n u o u s  c u l t u r e .  I n  b o t h  s u c r o s e  
c o n c e n t r a t i o n s ,  t h e r e  was f u l l  u t i l i z a t i o n  o f  s u g a r  a nd  no  
o b s e r v a b l e  l e v a n  f o r m a t i o n  a t  d i l u t i o n  r a t e  v a l u e s  l o w e r  
t h a n  0 . 1  h - 1 .  H o w e v e r  h i g h e r  d i l u t i o n  r a t e  ( 0 . 1 5  -  0 . 3 0  h " i  3
) l e d  t o  s i g n i f i c a n t  and  i n c r e a s i n g  c o n c e n t r a t i o n  o f  s u c r o s e  i
H
a nd  f r u c t o s e  t o g e t h e r  w i t h  l e v a n  f o r m a t i o n .  T h e i r  r e s u l t s  /
s h o w e d  t h a t  f o r  15% s u c r o s e  ( w / v )  m e d iu m ,  e x c e s s  o f  s u c r o s e  -C
was p r e s e n t  a t  a l l  d i l u t i o n  r a t e s  and  t h e  s y s t e m  f u n c t i o n e d  $
a s  a p r o d u c t - l i m i t e d  c o n t i n u o u s  c u l t u r e  a t  a c o n c e n t r a t i o n  |
%o f  up  60 g / 1  e t h a n o l .  A r e d u c t i o n  i n  b i o m a s s  y i e l d  was  :
o b s e r v e d  ( c o m p a r e d  t o  g r o w t h  on g l u c o s e )  w h i c h  was  ^
a t t r i b u t e d  t o  l e v a n  f o r m a t i o n .  I
.w.
Î
L a w f o r d  e t  a l .  ( 4 6 )  h a v e  u s e d  10% s u c r o s e  ( w / v )  m ed ium  
and  Zym om onas m o b i l i s  ATCC 2 9 1 9 1 .  A t  d i l u t i o n  r a t e s  l e s s  i
t h a n  0 . 2  h “ a y i e l d  o f  0 . 4 g  e t h a n o l / g  s u c r o s e  was r e a c h e d  
w i t h  c o m p l e t e  u t i l i z a t i o n  o f  g l u c o s e  ( t h e  r e s i d u a l  s u g a r  
b e i n g  s u c r o s e  a nd  f r u c t o s e )  and  v e r y  l i t t l e  l e v a n  f o r m a t i o n .
T h e s e  a u t h o r s  h a v e  a l s o  a t t e m p t e d  t o  u s e  m o l a s s e s  and  t h e  
s u c e s s  h a s  bee n  l i m i t e d  t o  m ed ium  c o n t a i n i n g  y e a s t  e x t r a c t  
( 1 . 5 %  w / v ) a n d  10% f e r m e n t a b l e  s u g a r .  The  max imum d i l u t i o n  
r a t e  v a l u e ,  f o r  c o m p l e t e  s u g a r  t o  e t h a n o l  c o n v e r s i o n ,  was 
o n l y  0 . 1  h - 1 .
V i i k a r i  and  L i n k o  ( 1 0 8 )  h a v e  g i v e n  a v e r y  i m p o r t a n t  
c o n t r i b u t i o n  f o r  t h e  u n d e r s t a n d i n g  o f  s u c r o s e  f e r m e n t a t i o n
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by  Zym om onas m o b i l i s .  A c c o r d i n g  t o  t h e i r  r e s u l t s  t h e  
c o n v e r s i o n  r a t e  o f  s u c r o s e  w a s ,  i n  no c a s e ,  t h e  l i m i t i n g  
s t e p  i n  i t s  u t i l i z a t i o n .  Even  a t  t h e  h i g h e s t  d i l u t i o n  r a t e  
( 0 . 3  h - 1 )  o r  h i g h e s t  s u c r o s e  c o n c e n t r a t i o n  (20% w / v ) ,  o n l y  
up t o  4% o f  t h e  o r i g i n a l  s u c r o s e  r e m a i n e d  i n  t h e  m e d iu m .  
H o w e v e r  t h e o r e t i c a l  e t h a n o l  y i e l d s  w e r e  o n l y  o b t a i n e d  when 
s u c r o s e  was a t  12% ( w / v )  a nd  a t  l o w  d i l u t i o n  r a t e s .  When t h e  
d i l u t i o n  r a t e  e x c e e d e d  0 . 1 5  h r i .  g l u c o s e  and  f r u c t o s e
b e g a n  t o  a c c u m u l a t e  i n  t h e  m e d iu m .  L e v a n  f o r m a t i o n  i n c r e a s e d  
s h a r p l y  when t h e  d i l u t i o n  r a t e  e x c e e d e d  0 .1  h - i ,  b u t  
r e m a i n e d  a l m o s t  c o n s t a n t  a t  d i l u t i o n  r a t e s  h i g h e r  t h a n  0 . 1 8  
h"  . When s u c r o s e  was u s e d  a t  20% ( w / v )  and  t h e  d i l u t i o n
r a t e  a t  0 . 1 8  h" , t h e r e  was  an a c c u m u l a t i o n  o f  g l u c o s e  and  
f r u c t o s e  a nd  t h e  e t h a n o l  y i e l d  was o n l y  a r o u n d  50% o f  t h e  
t h e o r e t i  c a l .
O t h e r  p a r a m e t e r s  o f  s u c r o s e  f e r m e n t a t i o n  s u c h  a s  pH, 
t e m p e r a t u r e  a nd  s u b s t r a t e  c o n c e n t r a t i o n  h a v e  bee n  s t u d i e d  by  
F a v e l a  T o r r e s  a nd  B a r a t t i  ( 3 1 ) .  I n  t h e i r  p u b l i c a t i o n  a 
f l o c c u l a n t  s t r a i n  o f  Zym om onas m o b i l i s  and  a c e l l  r e c y c l e  
f e r m e n t e r  w i t h  a s e t t l e r  w e r e  u s e d .  W i t h  10% s u c r o s e  m e d iu m ,  
b i o m a s s  c o n c e n t r a t i o n s  i n  t h e  r a n g e  8 - 1 3  g /1  w e r e  o b t a i n e d  
i n  t h e  f e r m e n t e r  t h a t  was o p e r a t e d  a t  d i l u t i o n  r a t e s  f r o m
0 . 2  t o  1 .2  h “  ^ . S u c r o s e  was e x t e n s i v e l y  h y d r o l y s e d  up t o
d i l u t i o n  r a t e  o f  1 . 0  h" i b u t  d r o p p e d  t o  91% a t  1 . 2  h - i .
G l u c o s e  and f r u c t o s e  w e r e  p r e s e n t  i n  t h e  f e r m e n t e r  a t  
i n c r e a s i n g  c o n c e n t r a t i o n s  w i t h  d i l u t i o n  r a t e  and  e t h a n o l  
v a l u e s  w e r e  4 0 g / l  w h i c h  r e p r e s e n t s  79% o f  t h e o r e t i c a l  b u t  
d e c r e a s e d  s h a r p l y  a t  1 . 2  h~  ^ v a l u e  o f  d i l u t i o n  r a t e .  The
r e d u c e d  e t h a n o l  y i e l d  was  a t t r i b u t e d  t o  f o r m a t i o n  o f
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b y p r o d u c t s  l i k e  l e v a n .  I n  t h e i r  p u b l i c a t i o n  a d i l u t i o n  r a t e  1|
o f  0 . 4  h" 1 was s e l e c t e d  t o  s t u d y  t h e  e f f e c t  o f  s u c r o s e  4
c o n c e n t r a t i o n .  The  b i o m a s s  c o n c e n t r a t i o n  a nd  l e v a n  f o r m a t i o n  |
1 . 2 . 2 . 5 -  CONTINUOUS ETHANOL PRODUCTION PROCESSES USING 
ZYMOMONAS M O B IL IS .
1 . 2 . 2 . 5 . 1  CELL RECYCLE STUDIES
w e r e  s l i g h t l y  i n c r e a s e d  f r o m  12 t o  1 3 . 6  g /1  and  10 t o  13
g / 1 ,  r e s p e c t i v e l y  w h i l e  t h e  e t h a n o l  r e a c h e d  60 g / 1  f o r  a
s u c r o s e  c o n c e n t r a t i o n  o f  15% i n  t h e  m e d ium .  The  f e r m e n t a t i o n  4
was c a r b o n - l i m i t e d  up t o  12 .5% s u c r o s e  m e d iu m .
I n  r e g a r d i n g  t o  t e m p e r a t u r e  t h e i r  m a in  c o n c l u s i o n s  w e r e  
t h a t  m o s t  o f  t h e  k i n e t i c  and  y i e l d  p a r a m e t e r s  w e r e  n o t  
a f f e c t e d  i n  t h e  r a n g e  o f  30 -  36° C a t  f i x e d  d i l u t i o n  r a t e  g
o f  0 . 4  h"  ^ . S u c r o s e  h y d r o l y s i s  was n o t  r a t e  l i m i t i n g  n o r  was 
g l u c o s e  o r  f r u c t o s e  u t i l i z a t i o n .  T h i s  m i g h t  h a v e  bee n  t h e  
r e s u l t  o f  t h e  t o l e r a n c e  t o  t e m p e r a t u r e  o f  t h e  s t r a i n  u s e d  |  
and  t h e  u s e  o f  c e l l  r e c y c l e .  S i n c e  t h e  l e v a n  f o r m a t i o n  was 
n o t  l o w e r e d  i n c r e a s i n g  t h e  t e m p e r a t u r e  t h e r e f o r e  t h e  e t h a n o l  
was n o t  i n c r e a s e d  e i t h e r .  I
I n  t h e i r  l a s t  s e t  o f  t e s t s ,  t h e i r  r e s u l t s  sh ow e d  t h a t  a t  
t e m p e r a t u r e  o f  30°  C s u c r o s e  f e r m e n t a t i o n  c o u l d  be o p e r a t e d  4
f r o m  pH 4 , 0  t o  5 , 5  w i t h  o n l y  s l i g h t  c h a n g e s  i n  t h e  k i n e t i c s  
and  y i e l d  p a r a m e t e r s .  H o w e v e r  a t  pH 6 , 0  t h e  s u c r o s e  
h y d r o l y s i s  was r a t e  l i m i t i n g .
Zym om onas m o b i l i s  a s  e t h a n o l  p r o d u c e r  h a s  a l r e a d y  be e n  Ci 
t e s t e d  i n  a l a r g e  v a r i e t y  o f  d i f f e r e n t  c o n t i n u o u s  p r o c e s s .
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C o n t i n u o u s  f e r m e n t a t i o n  w i t h  c e l l  r e c y c l e  e x p l o i t s  t h e  
a b i l i t y  o f  Zym om onas m o b i l i s  t o  p r o d u c e  a l c o h o l  a t  f a s t e r  
r a t e  t h a n  a c o m p a r a b l e  b i o m a s s  c o n c e n t r a t i o n  o f  y e a s t  
t h e r e f o r e  c o n s i d e r a b l e  e f f o r t  h a s  been  made t o  m a x i m i s e  t h e  
p o t e n t i a l  o f  Zym om onas m o b i l i s  by d e v e l o p i n g  a r r a n g e m e n t s  t o  
g r e a t l y  i n c r e a s e  c e l l  d e n s i t i e s  w i t h  t h e  f e r m e n t e r .  C e l l  
r e c y c l e  i n c r e a s e s  b i o m a s s  d e n s i t y  by r e c y c l i n g  a p r o p o r t i o n  
o f  c e l l s  i n  t h e  o u t l e t  s t r e a m  b a c k  i n t o  t h e  f e r m e n t e r .
F u r t h e r  a d v a n t a g e s  o f  c e l l  r e c y c l e  a r e :  t o  e n a b l e
c h e m o s t a t  t o  be o p e r a t e d  a t  d i l u t i o n  r a t e s  g r e a t e r  t h a n  
P m a x ,  t o  a b l e  t h e  c h e m o s t a t  t o  o p e r a t e  c l o s e  t o  Dm , t h e  
d i l u t i o n  r a t e  w h i c h  g i v e s  maximum p r o d u c t i v i t y  w i t h o u t  
e x c e s s i v e  u n u s e d  s u b s t r a t e  b e i n g  l e f t  i n  t h e  e f f l u e n t .  By 
r e c y c l i n g  c e l l s ,  a h i g h e r  s t e a d y - s t a t e  b i o m a s s  c o n c e n t r a t i o n  
c a n  be m a i n t a i n e d  w h i c h  r e s u l t s  i n  h i g h e r  s u b s t r a t e  
c o m s u m p t i  o n .
Lee  e t  a l .  ( 4 8 )  h a v e  r e p o r t e d  a c e l l  r e c y c l e  s y s t e m  u s i n g  
m i l l i p o r e  t a n g e n t i a l  f l o w  m i c r o f i l t r a t i o n  and  a c e l l  d e n s i t y  
o f  40 g /1  was  o b t a i n e d .  When g l u c o s e  was 12% ( w / v )  p r e s e n t  
i n  t h e  m e d iu m ,  e t h a n o l  c o n c e n t r a t i o n  was 60 g /1  a t  d i l u t i o n  
r a t e  3 . 3  h “ . H o w e v e r  d ue  t o  f r e q u e n t  r e p l a c e m e n t  o f  t h e  
m em b ra nes  f i l t e r s  ( e v e r y  12 -  15 h o u r s )  d u r i n g  t h e  c o u r s e  o f  
t h e  e x p e r i m e n t s ,  i t  was c o n c l u d e d  t h a t  t h i s  t e c h n i q u e  may be 
i m p r a c t i c a l  w i t h  i n d u s t r i a l  s u b s t r a t e s  s u c h  as  s u g a r  c a n e  
j u i c e  and s t a r c h  h y d r o l y s a t e s  w h i c h  c o u l d  c l o g  t h e  m e m b ra n e s  
and  c e r t a i n l y  t h e  c a p i t a l  c o s t s  and a s s o c i a t e d  c o m p l e x i t i e s  
i n v o l v e d  w i t h  s c h e d u l i n g  and  r e p l a c e m e n t  w o u l d  l a r g e l y  
o f f s e t  a ny  g a i n s  t o  be a c h i e v e d  i n  s u c h  a t e c h n i q u e .
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M o re  r e c e n t l y ,  R o g e r s  e t  a l .  ( 8 3 )  h a v e  r e p o r t e d  t h e  u s e  
o f  an e t h a n o l - t o i e r a n t  m u t a n t  o f  Zym om onas m o b i l i s  named 
ZM481 i n  c e l l  r e c y c l e  f e r m e n t e r s .  The  e x p e r i m e n t s  w e r e  
c a r r i e d  o u t  w i t h  18% and 20% ( w / v )  g l u c o s e  m e d i a .  S t e a d y
s t a t e  c o n d i t i o n s  w e r e  o n l y  s u s t a i n e d  a t  18% g l u c o s e  m ed ium  
and  b i o m a s s  v a l u e  was 33 g /1  a nd  an e t h a n o l  c o n c e n t r a t i o n  o f  
90 g / 1  was a c h i e v e d ,  a t  d i l u t i o n  r a t e  o f  0 , 9 5  h" ■* .
The  u s e  o f  e x t e r n a l  s e d i m e n t e r  f o r  c e l l  r e c y c l e  h a s  b ee n  
r e p o r t e d  by  de  B o c k s  and v a n  E y b e r g e n  ( 2 7 ) .  The  u s e  o f  a 
s e t t l e r  w h i c h  i s  a s i m p l e  a nd  c e r t a i n l y  c h e a p e r  m e th o d  o f  
r e c y c l i n g  c e l l s  c o m p a r e d  t o  f i l t r a t i o n ,  was p o s s i b l e  due  t o  
t h e  f l o c c u l a t i o n  c h a r a c t e r i s t i c s  o f  t h e  s t r a i n  u s e d .  The  
c u l t u r e  g r e w  on 10% g l u c o s e  ( w / v )  m e d ium  a nd  g r o w t h  l i m i t i n g  
c o n d i t i o n s  w e r e  c r e a t e d  by  r a i s i n g  t h e  t e m p e r a t u r e  a nd
l o w e r i n g  t h e  a m o u n t  o f  y e a s t  e x t r a c t .  U n d e r  t h e s e  
c o n d i t i o n s ,  t h e  h i g h e s t  e t h a n o l  p r o d u c t i o n  o f  4 0 . 5  g . l - i h - i  
was a c h i e v e d  a t  d i l u t i o n  r a t e  o f  0 . 7  h - i .  F u r t h e r  i n c r e a s e s  
i n  d i l u t i o n  r a t e  g a v e  l o w e r  e t h a n o l  v a l u e s  as w e l l  a s  
d e c l i n e  i n  b i o m a s s  c o n c e n t r a t i o n  b e c a u s e  o f  i n s u f f i c i e n t  
s e t t l i n g ,  wash  o u t  and  i n s u f f i c i e n t  b i o m a s s - g r o w t h  i n  t h e  
m e d ium  u s e d .  N e v e r t h l e s s  t h i s  m e t h o d  a l l o w e d  f o r  e x p e r i m e n t s  
o f  m o re  t h a n  6 w e e k s ,  w i t h o u t  a n y  c l e a n i n g  o f  t h e  c e l l  
r e c y c l e  d e v i c e .
Lee  e t  a l .  ( 4 9 )  h a v e  s t u d i e d  t h e  u s e  o f  e x t e r n a l  c e l l
r e c y c l e  u s i n g  10% ( w / v )  g l u c o s e  m e d ium  w i t h  Zym om onas
m o b i l i s  ZM 4 0 1 .  T he  s e t t l e r  u s e d  was an i n v e r t e d  c o n i c a l
f l a s k  i n t o  w h i c h  t h e  o v e r f l o w  f r o m  t h e  f e r m e n t e r  was  
i n t r o d u c e d  t a n g e n c i a l 1 y . A t  l o w  d i l u t i o n  r a t e s  e x c e l l e n t
f l o c c u l a t i o n  was was a c h i e v e d  a nd  e t h a n o l  c o n c e n t r a t i o n  was
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a r o u n d  45 g / l .  H o w e v e r  a b o v e  a d i l u t i o n  r a t e  o f  1 . 0  h"  i
a c t i v e  f e r m e n t a t i o n  s t a r t e d  t o  o c c u r  i n  t h e  s e t t l e r  and
c e l l s  w e r e  l o s t  i n  t h e  o v e r f l o w  s t r e a m .
1 . 2 . 2 . 5 . 2  CONTINUOUS UPFLOW FLOG (TOWER) FERMENTATION.
A t t e n t i o n  h a s  bee n  d r a w n  t o  t h e  p o t e n t i a l  o f
c o n t i n u o u s  u p f l o w  f e r m e n t e r  f o r  t h e  a c c u m u l a t i o n  o f  v e r y
h i g h  c e l l  d e n s i t i e s ,  and  h e n c e  f o r  t h e  r a p i d  c o n v e r s i o n  o f  
s u g a r s  t o  e t h a n o l .
P r i n c e  and  B a r f o r d  ( 7 7 )  h a v e  d e s c r i b e d  t h e  s u c c e s s f u l  41
f e r m e n t a t i o n  o f  g l u c o s e  by  Zym om onas m o b i l i s  u s i n g  a  t o w e r  |
f e r m e n t e r .  C e l l  d e n s i t i e s  up  t o  40 g /1  w e r e  a c h i e v e d  w i t h  
d i l u t i o n  r a t e s  o f  up t o  2 . 3  h-  and  a maximum p r o d u c t i v i t y  
o f  lOOg e t h a n o l . 1-1 . h" 1 w i t h  98% c o n v e r s i o n  o f  t h e  10 .5% 
g l u c o s e  ( w / v )  f e e d  was r e p o r t e d .  I t  was p o i n t e d  o u t  t h a t  t h e  
l i m i t a t i o n  t o  p e r f o r m a n c e  w i t h  i n c r e a s e  i n  t h r o u g h t p u t  
a r o s e  f r o m  i n c o m p l e t e  f e r m e n t a t i o n  o f  t h e  g l u c o s e  f e e d ,  
r a t h e r  t h a n  w a s h o u t  o f  t h e  f l o c c u l a t e d  b a c t e r i a .
The  f e r m e n t a t i o n  o f  s u c r o s e  by a f l o c c u l e n t  i s o l a t e  o f  
Zym om onas m o b i l i s  i n  a c o n t i n u o u s  u p f l o w  r e a c t o r  h a s  b ee n  J
r e p o r t e d  by  R o d r i g u e z  a nd  C a l l i e r i  ( 8 1 ) .  The  h i g h e s t  
p r o d u c t i v i t y  o f  t h e  s y s t e m  o c c u r r e d  when t h e  d i l u t i o n  r a t e  
was a l m o s t  3 h" 1 w i t h  a 10% s u c r o s e  f e e d  a nd  60% c o n v e r s i o n  
t o  e t h a n o l .  A l t h o u g h  i t  i s  m e n t i o n e d  t h a t  wash  o u t  d i d  n o t  
o c c u r ,  t h e r e  was no  m e a s u r e m e n t  o f  b i o m a s s  t h r o u g h o u t  t h e




fi1 . 3  AIMS I
The g e n e r a l  a i m s  o f  t h i s  p r o j e c t  w e r e  t o  a c q u i r e
Tt h e o r e t i c a l  k n o w l e d g e  and  p r a c t i c a l  e x p e r i e n c e  r e l a t i n g  t o  /
t h e  u s e  o f  c o n t i n u o u s  c u l t u r e  m e t h o d o l o g i e s  i n  f e r m e n t a t i o n .
The s p e c i f i c  a i m s  w e r e  t o  i n v e s t i g a t e  t h e  e t h a n o l i c  4
f e r m e n t a t i o n  o f  g l u c o s e ,  f r u c t o s e  and  s u c r o s e  by  a B r a z i l i a n  
i s o l a t e  o f  Zym om onas m o b i l i s  (CP 4 )  u s i n g  t h e  f o l l o w i n g  
c o n t i n u o u s  c u l t u r e  m e t h o d o l o g i e s :
( 1 )  C l a s s i c a l  c h e m o s t a t i c  c u l t u r e  ( i n c l u d i n g  m e d i a  
e v a l u t i o n  by  d e l t a  p u l s i n g )
( 2 )  C o n t i n u o u s  t r a n s i e n t  ( s q u a r e  w a v e )  c u l t u r e .
' I
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2 . MAT ERI ALS  AND METHODS
2 .1  MICROORGANISM
Zym om onas m o b i l i s  CP4 was u se d  t h r o u g h t  i n  t h i s  s t u d y .  
T h i s  s t r a i n  was o r i g i n a l l y  i s o l a t e d  f r o m  f e r m e n t e d  s u g a r  
c a n e  j u i c e  ( c a l d o  de c a n a - p i c a d o )  f r o m  N o r t h e a s t  B r a z i l  by  
G o n ç a l v e s  de L im a  e t  a l .  ( 3 7 ) .  I t  h a s  bee n  s u g g e s t e d  t o  
g r o u p  t h i s  s t r a i n ,  w i t h  o t h e r  i s o l a t e s ,  i n  one  t a x o n ,  
Zym om onas m o b i l i s  s u b s p .  m o b i l i s  ( 9 6 ) .
The  b a c t e r i a  a r e  g r a m - n e g a t i v e  r o d s ,  2 t o  6 by  1 t o  2 pm, 
s m a l l  and  l a r g e  c y l i n d e r s ,  s i n g l e  o r  i n  p a i r s ,  r a r e l y  
f o r m i n g  c h a i n s  o f  a f e w  c e l l s .  T h e y  a r e  v e r y  m o t i l e .
The  c o l o n i e s  a r e  v e r y  t y p i c a l l y  m u c o i d .  I n  l i q u i d  m e d i a ,  
t h e  b a c t e r i a  d e v e l o p  a b u n d a n t l y  w i t h  a f l o c c u l e n t  d e p o s i t .
2 . 2  MAINTENANCE MEDIUM
g l u c o s e  2% ( w / v )
Y e a s t  e x t r a c t  1% ( w / v )
KH2 PO4 0 .1%  ( w / v )
(NH4 )2 SO4 0 .1%  ( w / v )
MgS04 . 7H2 O 0 .05 %  ( w / v )
A g a r  2% ( w / v ) ,
2 . 3  MAINTENANCE OF THE STRAIN
S u b c u l t u r e s  w e r e  made f r o m  t h e  o r i g i n a l  s t r a i n  u t i l i s i n g  
t h e  m a i n t e n a n c e  m ed ium  and i n c u b a t e d  a t  3 0 “ C f o r  72 h o u r s .
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The  p u r i t y  o f  t h e  c o l o n i e s  was c h e c k e d  u s i n g  G r a m ’ s s t a i n .  
T h e n  t h e  new p l a t e s  w e r e  k e p t  a t  4 “ C. S u b c u l t u r e s  w e r e  made 
e v e r y  4 w e e k s .
2 . 4  BATCH CULTURE MEDIUM
F o r  b a t c h  g r o w t h  ( i n c l u d i n g  c o n t i n u o u s  c u l t u r e  s t a r t - u p )  
t h e  m e d ium  c o m p o s i t i o n  was t h e  same a s  t h e  m a i n t e n a n c e  o n e  
e x c e p t  a g a r  was n o t  i n c l u d e d .
2 . 5  CONTINUOUS CULTURE MEDIA
F o r  c a r b o n  l i m i t i n g  e x p e r i m e n t s  ( u s i n g  g l u c o s e ,  f r u c t o s e  
o r  s u c r o s e )  t h e  m ed ium  c o m p o s i t i o n  was
s u g a r  ( g l u c o s e ,  f r u c t o s e ,  s u c r o s e )  2% ( w / v )
Y e a s t  e x t r a c t  0 .5%  ( w / v )
KH2 PO4 0 .1 %  ( w / v )
(NH4 )2 SO4 0 .1 %  ( w / v )
M g S 04 . 7 H2 O 0 .0 5 %  ( w / v )
F o r  N i t r o g e n  l i m i t a t i o n  t h e  s u g a r  c o n c e n t r a t i o n s  was  
r a i s e d  t o  5% ( w / v ) ;  a l l  o t h e r  c o m p o n e n t s  ( i n c l u d i n g  y e a s t  
e x t r a c t )  r e m a i n e d  as  a b o v e .
2 . 6  INOCULA
I n o c u l a  w e r e  p r e p a r e d  by t r a n s f e r r i n g  a f e w  c o l o n i e s  f r o m  
s o l i d  m ed ium  t o  E r l e n m e y e r  f l a s k s  w i t h  100 ml o f  m a i n t e n a n c e  
m ed ium  f o l l o w e d  by  s t a t i c  i n c u b a t i o n  o v e r n i g h t  a t  3 5 “ C. 
T h i s  g r o w t h  was u s e d  as  i n o c u l u m  f o r  b a t c h  c u l t u r e  and  
c o n t i n u o u s  c u l t u r e  s t a r t - u p .
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2 . 7  MICROBIAL GROWTH SYSTEM
A l l  c o n t i n u o u s  c u l t i v a t i o n  o f  c e l l s  and  e t h a n o l  
p r o d u c t i o n  w e r e  c a r r i e d  o u t  i n  a 0 . 5  1 l a b o r a t o r y  f e r m e n t e r  
( f i g u r e  2 . 7 )  w i t h  a 0 . 3  1 w o r k i n g  v o l u m e .
The  t e m p e r a t u r e  was m a i n t a i n e d  a t  3 5 “ by  t h e  u s e  o f  a 15 
W h e a t e r  ( c e r a m i c  c o a t e d  10 Ohm r e s i s t a n c e  i n  b o r o s i l i c a t e  
g l a s s  t u b e )  c o n t r o l l e d  v i a  an RS T e m p e r a t u r e  C o n t r o l l e r  (RS 
3 4 4 - 6 2 5 )  u s i n g  a P l a t i n u m  R e s i s t a n c e  P r o b e  (RS 1 5 8 - 9 8 5 )  
[RS C o m p o n e n t s  P .O .  Box 99 C o r b y , U . K . ] .
A m a g n e t i c  s t i r r e r  was u s e d  t o  p r o v i d e  m i l d  a g i t a t i o n .
The  c o n t i n u o u s  a d d i t i o n  o f  f r e s h  m ed ium  was p r o v i d e d  by  
means  o f  an a d j u s t a b l e  p e r i s t a l t i c  pump and  r e a c t o r  
c o n t e n t s  l e f t  t h e  v e s s e l  b y  an o v e r f l o w  p i p e  i n s e r t e d  
t h r o u g h  a s i d e  a rm  i n  t h e  f e r m e n t e r .
C o n t i n u o u s  c u l t u r e  e x p e r i m e n t s  w e re  p r e c e d e d  by a b a t c h  
a nd  when t h e  c u l t u r e  a c h i e v e d  t h e  e x p o n e n t i a l  p h a s e ,  t h e  
m e d ium  f l o w  was s t a r t e d .
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The f l o w  r a t e  was c h e c k e d  o u t  m e a s u r i n g  t h e  t i m e  
( m i n u t e s )  t o  f i l l  a 20 ml v o l u m e t r i c  f l a s k  w i t h  c u l t u r e  f r o m  
t h e  o v e r f l o w  p i p e .
S a m p le  c o l l e c t i o n  was don e  f r o m  t h e  o v e r f l o w  p i p e  w i t h  
a p p r o x i m a t e l y  15 ml o f  c u l t u r e  b e i n g  c o l l e c t e d  i n  a v i a l .  
S u b s e q u e n t l y  t h e  m a t e r i a l  was d i v i d e d  i n t o  p a r t s  f o r  t h e  
f o l l o w i n g  a n a l y s i s :  b i o m a s s ,  s u g a r ( s )  and  e t h a n o l
m e a s u r e m e n t .
2 . 8  MEASUREMENT OF CELL CONCENTRATION
The m e a s u r e m e n t  o f  b i o m a s s  was by m e a s u r i n g  t h e  
a b s o r p t i o n  a t  610  nm and  t h e  c o r r e s p o n d i n g  d r y  w e i g h t  was 
o b t a i n e d  f r o m  a s t a n d a r d  p l o t .
2 - 8 . 1 .  BIOMASS CONCENTRATION STANDARD PLOT
The s t a n d a r d  c u r v e  f o r  b i o m a s s  c o n c e n t r a t i o n  was 
c o n s t r u c t e d  a s  f o l l o w :
Zym om onas m o b i l i s  CP4 was c u l t i v a t e d  i n  m a i n t e n a n c e  
m e d ium  i n  b a t c h  mode.
B io m a s s  was h a r v e s t e d  by c e n t r i f u g a t i o n  ( 1 5 0 0  x g ;  10 
m i n . ) , w a s h e d  and  t h e n  r e s u s p e n d e d  t o  a c o m p l e t e l y  
h om o g e n e o u s  s u s p e n s i o n  i n  d i s t i l l e d  w a t e r .
S u b s e q u e n t l y ,  a s e r i e s  o f  s u i t a b l e  d i l u t i o n s  w e r e  made 
f r o m  t h e  c e l l  s u s p e n s i o n  and  t h e i r  a b s o r b a n c e s  r e c o r d e d  a t  
610  nm w i t h  a Pye  SP 600  S e r i e s  2 ( U n i c a m  I n s t r u m e n t s ,  
C a m b r i d g e ,  E n g l a n d )  s p e c t r o p h o t o m e t e r . D i s t i l l e d  w a t e r  was 
u s e d  as  t h e  r e f e r e n c e  s o l u t i o n .
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I n  t h e  f o l l o w i n g  s t a g e ,  t h r e e  a c c u r a t e l y  m e a s u r e d  s a m p l e s  
o f  t h e  o r i g i n a l  c e l l  s u s p e n s i o n  w e r e  r e d u c e d  t o  d r y n e s s  f o r  
18 h o u r s  ( u s i n g  an o v e n  200°  C) i n  w e i g h i n g  b o t t l e s  o f  i  
a c c u r a t e l y  kn o w n  w e i g h t .  T h e n ,  t h e  a v e r a g e  w e i g h t  o f  t h e  
b i o m a s s  i n  1 ml s a m p l e s  was d e t e r m i n e d  and  l a s t l y  a g r a p h  o f  
a b s o r b a n c e  a g a i n s t  d r y  w e i g h t  o f  b i o m a s s  p e r  ml was 
c o n s t r u c t e d .
2 . 9  SUGAR MEASUREMENT.
P r o c e d u r e s  f o r  t h e  e s t i m a t i o n  o f  g l u c o s e ,  f r u c t o s e ,  
s u c r o s e  a nd  l e v a n  w e r e  c a r r i e d  o u t .
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2 . 9 . 1  GLUCOSE AND FRUCTOSE.
The  S o m o g y i  a n d  N e l s o n  m e th o d  ( 8 9 )  was u s e d  f o r  m e a s u r i n g  
g l u c o s e  and  f r u c t o s e  when t h e s e  s u g a r s  w e r e  i n d i v i d u a l l y  
u s e d  a s  c a r b o n  l i m i t i n g  i n  c h e m o s t a t  c u l t u r e .
2 . 9 . 2  SUCROSE.
A p r o c e d u r e  i n v o l v i n g  b o t h  t h e  S o m o g y i  and  N e l s o n  ( 8 9 )  
and  t h e  g l u c o s e - o x i d a s e  ( S i g m a  C h e m i c a l  Co.  L t d . - P o o l e , U . K . )  
M e t h o d s  f o r  i n d i v i d u a l  s u g a r  c o n c e n t r a t i o n s  was c a r r i e d  o u t  
when s u c r o s e  was  t h e  c a r b o n  s o u r c e .
A f l o w  s h e e t  f o r  a n a l y s i s  o f  f e r m e n t a t i o n  l i q u o r  i s  g i v e n  
i n  f i g u r e  2 . 9 . 2 .  ”
S u c r o s e  c o n c e n t r a t i o n s  w e r e  c a l c u l a t e d  f r o m  t h e %
d i f f e r e n c e  (A  -  B,  see  f i g u r e  2 . 9 . 2 )  b e t w e e n  t h e  t o t a l  
r e d u c i n g  s u g a r s  b e f o r e  and a f t e r  HCl h y d r o l y s i s  ( 5 1 ) .
Î5?
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F r u c t o s e  c o n c e n t r a t i o n s  w e r e  e s t i m a t e d  i n d i r e c t l y  a s  t h e  
d i f f e r e n c e  b e t w e e n  t h e  t o t a l  r e d u c i n g  s u g a r s  b e f o r e  HCl 
h y d r o l y s i s  ( A ,  f i g u r e  2 . 9 . 2 )  and  g l u c o s e - o x i d a s e  m e t h o d .
G l u c o s e  was  e n z y m a t i c a l l y  d e t e r m i n e d  u s i n g  a k i t  b a s e d  on  4
It h e  g l u c o s e  o x i d a s e - p e r o x i d a s e  s y s t e m  S ig m a  k i t  n°
5 1 0 ( S i  gmaChemi c a l  C o . L t d . P o o l e , U . K . ) .
2 . 9 . 3  LEVAN.
D e t e r m i n a t i o n  o f  l e v a n  as  d e s c r i b e d  by Dawes e t  a l .  ( 2 6 )  
was  a s  f o l l o w :  1 ml o f  f e r m e n t a t i o n  b r o t h  i s  a d d e d  t o  3 ml
e t h a n o l  75% ( v / v )  i n  a c e n t r i f u g e  t u b e .  A d r o p  o f  1% C a C l 2 
i s  a d d e d  t o  h a s t e n  f l o c c u l a t i o n .  S u b s e n q u e n t l y t h e  
s u s p e n s i o n  i s  c e n t r i f u g e d  and  t h e  s e d i m e n t e d  l e v a n  f r e e d  |
f r o m  r e d u c i n g  s u g a r s  a nd  s u c r o s e  r e s i d u e s  by t w i c e - r e p e a t e d  
s o l u t i o n  i n  w a t e r  o v e r  a w a t e r  b a t h  and  r e - p r e c i p i t a t i o n  |
w i t h  e t h a n o l .  A f t e r  t h i s ,  t h e  f i n a l  s e d i m e n t  i s  t a k e n  up i n  |
3 ml 0 .5%  ( v / v )  o x a l i c  a c i d  and c o m p l e t e  h y d r o l y s i s  i s -I
e f f e c t e d  by h e a t i n g  i n  a w a t e r -  b a t h  f o r  1 h o u r .  The  /
h y d r o l y s a t e  o b t a i n e d  i s  n e u t r a l i z e d  w i t h  2 M NaOH, a nd  t h e n
i s  d i l u t e d  t o  a s u i t a b l e  v o l u m e  w i t h  w a t e r .  F i n a l l y ,  
f r u c t o s e  i n  h y d r o l y s a t e s  i s  e s t i m a t e d  as  r e d u c i n g  s u g a r  by  
t h e  S om o g y i  a nd  N e l s o n  M e th o d  ( 8 9 ) .
2 . 1 0  MEASUREMENT OF ETHANOL
A g a s - l i q u i d  c h r o m a t o g r a p h i c  p r o c e d u r e  was u s e d  t o
m e a s u r e  e t h a n o l  c o n c e n t r a t i o n s .
M e a s u r e m e n t s  w e r e  made i n  a Pye S e r i e s  104 ( U n i c a m  
I n s t r u m e n t s ,  C a m b r i d g e , U . K . )  g a s  c h r o m a t o g r a p h . The  c o l u m n  




I n c . , M i l f o r d , M a s s . U S A )  80 -  100 mesh and  m a i n t a i n e d  a t  200 °
C d u r i n g  o p e r a t i o n .  The  c a r r i e r  g as  was n i t r o g e n  a t  a f l o w  
r a t e  o f  3 7 m l / m i n .  The  f l a m e  i o n i z a t i o n  d e t e c t o r  was o p e r a t e d  
a t  2 5 0 "  C.
I s o p r o p a n o l  was  u s e d  as  an i n t e r n a l  s t a n d a r d .  A s e r i e s  o f  
a q u e o u s  s t a n d a r d s  w e r e  p r e p a r e d  c o n t a i n i n g  e t h a n o l  i n  
v a r i o u s  c o n c e n t r a t i o n s  f r o m  1 t o  9 mg/mg o f  i s o p r o p a n o l  F o r  
e a c h  s t a n d a r d ,  t h e  e t h a n o l / i s o p r o p a n o l  p e a k - h e i g h t  r a t i o  was 
c a l c u l a t e d  a nd  p l o t t e d  a g a i n s t  t h e  r e s p e c t i v e  c o n c e n t r a t i o n  *I
o f  e t h a n o l  5
2 . 1 1  DELTA-TYPE OF PULSE PROCEDURE.
The p u l s e  t e c h n i q u e  ( 6 8 )  as a p p l i e d  t o  a c h e m o s t a t  'I
p r o v i d e s  t h e  f l o w  s y s t e m  w i t h  a s u d d e n  c h a n g e  e i t h e r  
s t e p w i s e ,  d e l t a  w i s e ,  o r  i n  f r e q u e n c y  i n  a n y  o f  t h e  
o p e r a t i o n a l  v a r i a b l e s  -  l i m i t i n g  s u b s t r a t e  c o n c e n t r a t i o n ,  
d i l u t i o n  r a t e ,  t e m p e r a t u r e ,  pH v a l u e  and  s o  f o r t h .  |
I n  t h i s  p a r t i c u l a r  c a s e  a d e l t a  o f  p u l s e  was  u s e d  a s  a 
d e t e r m i n e d  v o l u m e  ( t y p i c a l l y  10 m l )  o f  c o n c e n t r a t e d  s o l u t i o n  
o f  g l u c o s e  o r  y e a s t  e x t r a c t .  The s o l u t i o n  was a d d e d  as  a 
s l u g  i n t o  t h e  f e r m e n t e r .  The  i d e a  i n v o l v e d  was t o  show 
w h e t h e r  g l u c o s e  o r  y e a s t  e x t r a c t  was t h e  g r o w t h - l i m i t i n g  
s u b s t r a t e  o r  n o t .
D e l t a - t y p e  p u l s i n g  was p e r f o r m e d  as  f o l l o w s :
( i )  A s t e a d y  s t a t e  was e s t a b l i s h e d ,  t y p i c a l l y  w i t h  a m i d ­
r a n g e  d i l u t i o n  r a t e  o f  0 . 2  h ~ '' .
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( i i )  A s m a l l  s l u g  o f  e i t h e r  g l u c o s e  ( t o  c h e c k  f o r  C a r b o n  
l i m i t a t i o n )  o r  Y e a s t  E x t r a c t  ( t o  c h e c k  f o r  N i t r o g e n  
l i m i t a t i o n )  was  q u i c k l y  a d d e d  (3  g ra m s  i n  10 m l )  by  s y r i n g e  
d i r e c t l y  i n t o  t h e  f e r m e n t e r  r e a c t o r
2 . 1 2  CONTINUOUS PERIODIC OPERATION TECHNIQUE ( 1 3 ) .
A n u m b e r  o f  e x p e r i m e n t s  i n  t h i s  p r o j e c t  d e a l t  w i t h  
c o n t i n u o u s  p e r i o d i c  o p e r a t i o n  t e c h n i q u e  s o m e t i m e s  s i m p l y  
r e f e r r e d  a s  s q u a r e  wave
The  c o n t i n u o u s  t r a n s i e n t  c o n d i t i o n  t o o k  t h e  f o r m  o f  
s u b j e c t i n g  a s t e a d y  s t a t e  c h e m o s t a t  c u l t u r e  w i t h  Zym om onas  
m o b i l i s  a t  f i x e d  v a l u e  o f  d i l u t i o n  r a t e  o f  0 . 2  h-   ^ t o  
c o n t i n u o u s  a n d  r e p e t i t i v e  v a r i a t i o n s  ( s q u a r e  w a v e ) i n  t h e  
i n p u t  o f  g l u c o s e  n u t r i e n t  c o n c e n t r a t i o n .
The  s q u a r e  w a v e s  i n  i n p u t  n u t r i e n t  c o n c e n t r a t i o n  w e r e  
a c h i e v e d  b y  c o n n e c t i n g  t h e  c h e m o s t a t  t o  t w o  n u t r i e n t  
r e s e r v o i r s ,  e a c h  c o n t a i n i n g  c o m p l e t e ,  d e f i n e d  m e d ium ,  b u t  
w i t h  d i f f e r e n t  c o n c e n t r a t i o n s  o f  g l u c o s e  as  f i g u r e  2 . 1 2  ( a )  
s h o w s .  A t  p r e s e t  t i m e  i n t e r v a l s ,  a t i m e  s y s t e m  s w i t c h e d  t h e  
n u t r i e n t  f e e d  b e t w e e n  t h e  t w o  r e s e r v o i r s .  See f i g u r e  2 . 1 2  
( b )  .
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2 . 1 3  CALCULATION OF THE MAXIMUM S P E C IF IC  GROWTH RATE. î•Î
J
The  maximum s p e c i f i c  g r o w t h  r a t e  d e n o t e d  by  t h e  G r e e k  |
l e t t e r  \ i , was d e t e r m i n e d  by  t w o  m e t h o d s ;
2 . 1 3 , 1  MAXIMUM S P E C IF IC  GROWTH RATE BY BATCH MODE
The c a l c u l a t i o n  o f  |a f r o m  t h e  s l o p e  o f  t h e  l i n e  o b s e r v e d  
i s  g i v e n  i n  A p p e n d i x  7 .
EXPERIMENT. I
■i
1The  d e t e r m i n a t i o n  o f  t h e  maximum s p e c i f i c  g r o w t h  r a t e  by
. ‘£tb a t c h  mode was c a l c u l a t e d  u s i n g  t h e  f o l l o w i n g  e q u a t i o n :
I n  X = I n  Xo + p t  ( 7 5 )  
w h e r e  :
Xo = b i o m a s s  ( m g / m l )  when t  = 0
The  p l o t  o f  I n  x a g a i n s t  t i m e  i n  e x p o n e n t i a l  g r o w t h  w i l l  4
be a s t r a i g h t  l i n e .  T h e  s l o p e  i s  e q u a l  t o  m .
2 . 1 3 , 2  MAXIMUM S P E C IF IC  GROWTH RATE BY WASHOUT METHOD.
By u s i n g  t h e  w a s h o u t  m e th o d  o f  P i r t  a nd  C a l l o w  ( 7 6 ) ,  i t  
was a l s o  p o s s i b l e  t o  e s t i m a t e  t h e  maximum s p e c i f i c  g r o w t h  
r a t e  o f  Zym om onas m o b i l i s  CP4 g ro w n  i n  c h e m o s t a t  c u l t u r e .  
The  w a s h o u t  m e t h o d  d e t e r m i n a t i o n  o f  p i s  b a s e d  on  o b t a i n i n g  
t h e  d i f f e r e n c e  i n  s l o p e s  b e t w e e n  t h e  d i l u t i o n  r a t e  a nd  t h e  
w a s h o u t  o f  t h e  c u l t u r e .
i
3 .  RESULTS AND DISCUSSION
3 . 1  BATCH CULTURE
O t h e r  t w o  i m p o r t a n t  a s p e c t s  c o n c e r n i n g  t h e  s h o r t e n i n g  o f  
l a g  p h a s e  a r e :  a g e  o f  t h e  c e l l s  o f  t h e  i n o c u l u m  a nd  i t s
s i z e .  The i n o c u l u m  s h o u l d  u s e  c e l l s  f r o m  l o g a r i t h m i c  p h a s e  
o f  g r o w t h ,  when t h e  c e l l s  a r e  s t i l l  m e t a b o l i c a l 1 y a c t i v e  and  
t h e  s i z e  o f  i t  n o r m a l l y  r a n g e s  b e t w e e n  3 a nd  10% o f  t h e  
c u l t u r e  v o l u m e  ( 7 5 ) .
The g r o w t h  o f  Zym om onas m o b i l i s  CP4 i n  b a t c h  mode a t  
35"  C b a t c h  c u l t u r e  u s i n g  g l u c o s e  a t  2 % ( w / v )  c a n  be s e e n  i n  
f i g u r e  3 . 1 .
The f i g .  3 . 1  show s  t h a t  t h e  l a g  p h a s e  i s  s h o r t  and  
d i f f i c u l t  t o  be p e r c e p t i b l e .  S t a n b u r y  and  W h i t a k e r  ( 9 0 )  h a v e  
m e n t i o n e d  t h a t  i n  a c o m m e r c i a l  p r o c e s s  t h e  i n t e r e s t  i s  t o  
r e d u c e  t h e  l e n g t h  o f  t h e  l a g  p h a s e  as  much a s  p o s s i b l e .
The  o c c u r r e n c e  o f  l a g  p h a s e  i n  a g r o w t h  i s  c a u s e d  b y  %
c h a n g e  i n  n u t r i t i o n  and  p h y s i c a l  e n v i r o n m e n t .  A c h a n g e  i n  a 
n u t r i e n t  w o u l d  p r o b a b l y  i n v o l v e  t h e  i n d u c t i o n  o f  o ne  o r  m o re  
new enzym es  a nd  t h e  t i m e  r e q u i r e d  t o  s y n t h e s i z e  new 
e n z y m e ( s )  v a r i e s  f r o m  m i n u t e s  t o  h o u r s .  ,1
I
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3 . 1 . 1  ESTIMATION OF MAXIMUM S P E C IF IC  GROWTH RATE BY 
BATCH MODE
The f i g u r e  3 . 1 . 1  s h o w s  t h e  p l o t  o f  t h e  n a t u r a l  
l o g a r i t h m  o f  b i o m a s s  c o n c e n t r a t i o n  a g a i n s t  t i m e  w h i c h  d u r i n g  
t h e  e x p o n e n t i a l  p h a s e  a s t r a i g h t  l i n e  i s  o b t a i n e d .  The  s l o p e  
o f  t h e  l i n e  g i v e s  a max imum s p e c i f i c  g r o w t h  r a t e  ( p m a x )  o f  
0 . 4 3  hr  1 . ( S e e  s e c t i o n  2 . 1 3 . 1  and  f i g u r e  3 . 1 . 1 ) .
A c c o r d i n g  t o  Monod ( 6 4 ) ,  d u r i n g  t h e  e x p o n e n t i a l  p h a s e  o f  
g r o w t h  i t  i s  r e a s o n a b l e  t o  c o n s i d e r  t h a t  a s t e a d y  s t a t e  i s  
e s t a b l i s h e d ,  w h e r e  t h e  r e l a t i v e  c o n c e n t r a t i o n s  o f  a l l  
m e t a b o l i t e s  and  a l l  t h e  e n z y m e s  a r e  c o n s t a n t .  I t  i s  t h e  o n l y  
p h a s e  o f  g r o w t h  when t h e  p r o p e r t i e s  o f  t h e  c e l l s  may be 
c o n s i d e r e d  c o n s t a n t .  D u r i n g  t h i s  p h a s e ,  t h e  g r o w t h  r a t e  i s  
a l s o  c o n s t a n t  and  e q u a l  t o  t h e  maximum s p e c i f i c  g r o w t h  
r a t e .
3 . 1 . 2  V a l u e  o f  Max imum S p e c i f i c  G r o w t h  R a t e  by P i r t  a nd  
C a l 1ow M e t h o d .
A l t e r n a t i v e l y  o n e  c a n  d e t e r m i n e  t h e  maximum s p e c i f i c  
g r o w t h  r a t e  by  a c o n t i n u o u s  f l o w  m e t h o d .
By u s i n g  t h e  w a s h o u t  m e t h o d  o f  P i r t  and C a l l o w ,  i t  was 
a l s o  p o s s i b l e  t o  e s t i m a t e  t h e  maximum s p e c i f i c  g r o w t h  o f  
Zym om onas m o b i l i s  CP4 g r o w n  i n  c h e m o s t a t  c u l t u r e . a s  f i g u r e
3 . 1 . 2  s h o w s .
A c c o r d i n g  t o  P i r t  and  C a l l o w  ( 7 6 ) ,  when t h e  g r o w t h  i n  
c o n t i n u o u s  c u l t u r e  i s  i n  a c c o r d a n c e  w i t h  t h e  t h e o r y  o f  Monod 
and  N o v i c k  and  S l i z a r d  a nd  t h e  d i l u t i o n  r a t e  ( D )  i s  
i n c r e a s e d  u n t i l  t h e  o r g a n i s m  i s  f l o w i n g  o u t  o f  t h e  c u l t u r e  
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o b s e r v e d  i s  g i v e n  on  a p p e n d i x  7 .
T h i s  d i l u t i o n  m e th o d  g a v e  a v a l u e  o f  0 . 3 7  h ” f o r  fimax 
w h i c h  c o n t r a s t s  w i t h  t h e  v a l u e  o f  0 . 4 3  h" o b t a i n e d  f r o m  t h e  
b a t c h  mode c u r v e  o f  f i g u r e  3 . 1 . 2  H o w e v e r ,  t h e  d e t e r m i n a t i o n  
o f  Mmax by t h e  P i r t  a nd  C a l l o w  M e th o d  i s  a m o re  a c c u r a t e  o n e  
b e c a u s e  i t  i s  c a r r i e d  o u t  i n  a m o re  c o n s t a n t  e n v i r o n m e n t
K i n e t i c  d a t a  f r o m  b a t c h  g r o w t h  i n  2% ( w / v )  g l u c o s e  a r e  
show n  i n t a b l e  3 .1
e x c e s s  o f  n u t r i e n t s  s h o u l d  be a v a i l a b l e  and  t h e  o r g a n i s m s  r;
s h o u l d  g r o w  a t  t h e  maximum r a t e .  U n d e r  t h i s  c o n d i t i o n  t h e  /
l o g a r i t h m  o f  b i o m a s s  p l o t t e d  a g a i n s t  t h e  t i m e  s h o u l d  be  a 
s t r a i g h t  l i n e  w i t h  a n e g a t i v e  s l o p e  e q u a l  t o  pmax -  D, and
f r o m  t h i s  by  i n s e r t i n g  D one  o b t a i n s  Mmax.
%>
The t i m e  c o u r s e  o f  t h e  e x p e r i m e n t  i s  show n  i n  f i g u r e  |
3 . 1 . 2 .  The  d i l u t i o n  r a t e  o f  t h e  c u l t u r e  i n  s t e a d y  s t a t e  was
0 . 2 2  h* I a n d  t h a t  d u r i n g  t h e  e x p e r i m e n t  0 . 6 1  h ~ .
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T h e s e  o b s e r v a t i o n s  show a good  a g r e e m e n t  when c o m p a r e d  t o  
t h e  e a r l i e r  w o r k  o f  S t e n v e n s b e r g  e t  a l  ( 9 3 )  who g r e w  f
Zym om onas m o b i l i s  ATCC 29191 b a t c h w i s e  i n  a c o m p l e x  m ed ium  
c o n t a i n i n g  2% ( w / v )  g l u c o s e  a t  t e m p e r a t u r e s  i n  t h e  r a n g e  o f  
30 t o  3 6 ° C w h i c h  r e v e a l e d  t h a t  t h e  t e m p e r a t u r e  o p t i m u m  was i i
33°  C w i t h  v a l u e s  o f  0 . 5 3 ;  0 . 0 3 4  and  0 . 4 3  f o r  c e l l  g r o w t h ,  |
s p e c i f i c  b i o m a s s  p r o d u c t i o n  r a t e  and  e t h a n o l  p r o d u c t i v i t y  /
r e s p e c t i v e l y .  H o w e v e r ,  t h e r e  a r e  d i f f e r e n c e s  when v a l u e s  o f  ■
Qs a nd  Qp a r e  c o m p a r e d  b u t  t h a t  i s  d ue  t o  S t e n v e n s b o r g  e t  f
a l . ( 1 2 8 )  h a v i n g  c o n s i d e r e d  a l l  p h a s e s  o f  g r o w t h  i n  t h e i r  'i
c a l c u l a t i o n s  w h i l e  i n  t h i s  w o r k  i t  a p p e a r e d  m o re  a p p r o p r i a t e  i
it o  c o n s i d e r  o n l y  v a l u e s  t a k e n  f r o m  t h e  e x p o n e n t i a l  p h a s e  o f
ig r o w t h .  j
T h i s  e x p e r i m e n t  was c a r r i e d  o u t  a t  h i g h  t e m p e r a t u r e  o f  )
35°  C and  t h e  v a l u e  o f  b i o m a s s  was l o w .  T h i s  r e s u l t  a nd  t h e  4
v a l u e s  f o r  b i o m a s s  f r o m  S t e v e n s b o r g  e t  a l . ( 9 3 )  s u p p o r t  t h e  |
r e s u l t s  o f  F o r r e s t  ( 3 3 )  who h a s  m e n t i o n e d  t h a t  a m a r k e d  
d e c r e a s e  i n  a n a b o l i s m  o c c u r r e d  a t  h i g h  t e m p e r a t u r e s  w i t h  
c e l l s  o f  Zym om onas m o b i l i s  g r o w n  a t  1 % ( w / v )  o f  g l u c o s e .  
F o r r e s t  has  e x p l a i n e d  t h a t  t i g h t  c o u p l i n g  b e t w e e n  a n a b o l i c  
and  c a t a b o l i c  p r o c e s s e s  d o e s  n o t  n e c e s s a r i l y  o c c u r ,  s o  t h a t  
i n  g e n e r a l  t h e  r a t e  o f  e n e r g y  p r o d u c t i o n  i s  n o t  a f f e c t e d  by 
t h e  r a t e  o f  e n e r g y  u t i l i z a t i o n .  I t  seem s  t h a t  s u c h  
u n c o u p l i n g  ca n  be a f f e c t e d  by  p h y s i c a l  m e a ns .  A h i g h  
t e m p e r a t u r e  i s  a c a s e  i n  p o i n t .
Senez  ( 8 6 ) h a s  s u g g e s t e d  t h a t  t h e  maximum e f f i c i e n c y  o f  
g r o w t h  may be r e a l i z e d  o n l y  o v e r  a r e s t r i c t e d  r a n g e  o f  
t e m p e r a t u r e ,  a nd  t h a t  o u t s i d e  t h i s  r a n g e  e n e r g e t i c a l l y  
u n c o u p l e d  g r o w t h  may t a k e  p l a c e  e v e n  u n d e r  c o n d i t i o n s  o f
49
a d e q u a t e  n u t r i t i o n ,  s u c h  t h a t  m a x im a l  c o u p l i n g  w o u l d  be 
e x p e c t e d .  '%
L a s t l y ,  t h e  e t h a n o l  p r o d u c t i v i t y  v a l u e  o f  0 . 4 7  g / g  i s  
c o n s i d e r e d  h i g h  s i n c e  i t  r e p r e s e n t s  97% o f  t h e  t h e o r e t i c a l  
o n e .
50
3 . 2  CHEMOSTAT CULTURE
3 . 2 . 1  CHEMOSTATIC GROWTH UNDER CARBON L IM IT A T IO N
3 . 2 . 1 . 1  GLUCOSE FERMENTATION
Zym om onas m o b i l i s  CP4 was g r o w n  i n  c h e m o s t a t  c u l t u r e  
u n d e r  g l u c o s e - l i m i t e d  c o n d i t i o n s  [So=  2% w / v ]  a t  35°  C a n d  
s t e a d y - s t a t e s  w e r e  o b t a i n e d  o v e r  a w i d e  r a n g e  o f  d i l u t i o n  
r a t e s ,  a s  show n  i n  f i g u r e  3 . 2 .  1 .1  and  p r o d u c t i o n  p a r a m e t e r s  
a r e  g i v e n  i n  t a b l e  3 . 2 . 1 . 1
The  v o l u m e t r i c  e t h a n o l  p r o d u c t i v i t i e s  can  be c o m p a r e d  
w i t h  t h e  r e s u l t s  o f  S t e v e n s b o r g  e t .  a l .  ( 9 3 ) ,  who g r e w  Z.  
m o b i l i s  ATCC 29191 i n  c h e m o s t a t  c u l t u r e ,  w i t h  2% g l u c o s e .  
T h e y  o b t a i n e d  a v o l u m e t r i c  e t h a n o l  p r o d u c t i v i t y  o f  1 . 8 6  
g / l / h  when t h e  v a l u e  o f  d i l u t i o n  r a t e  was 0 . 1 9  h - i .
P r o d u c t i v i t y  v a l u e s  i n c r e a s e  w i t h  i n c r e a s i n g  d i l u t i o n  
r a t e s  u n t i l  i t  a p p r o x i m a t e s  t h e  r e g i o n  w h e r e  d i l u t i o n  r a t e  
e x c e e d s  t h e  v a l u e  o f  maximum g r o w t h  r a t e .  H o w e v e r ,  i t  s h o u l d  
be n o t i c e d  t h a t  h i g h  p r o d u c t i v i t i e s  a r e  u s u a l l y  l i n k e d  w i t h  
d r o p  i n  c o n v e r s i o n  r a t e s  ( h e r e  r e p r e s e n t e d  by t h e  v a l u e  o f  
c o n v e r s i o n  t o  e t h a n o l  e f f i c i e n c y  a c h i e v e d ) .  T h e r e f o r e  i t  
s h o u l d  be n o t i c e d  t h a t  t h e  t w o  h i g h e s t  v a l u e  o f  e t h a n o l  a nd  
b i o m a s s  p r o d u c t i v i t i e s  c o r r e s p o n d  t o  t h o s e  o f  g l u c o s e  w h i c h  
a r e  n o t  b e i n g  t o t a l l y  c o nsu m e d  and  a p o r t i o n  o f  i t  w e r e  
w a s t e d  i n  t h e  wash  o u t .  Due t o  t h e  f a c t  t h a t  t h e  s u b s t r a t e  
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t o t a l  p r o d u c t i o n  c o s t  o f  e t h a n o l ,  f e r m e n t e r s  a r e  n o r m a l l y  
r u n  a t  m a x i m a l  c o n v e r s i o n  r a t e  and  n o t  a t  m a x i m a l  
p r o d u c t i v i t y  ( 9 7 ) .
' i
3 . 2 . 1 . 2  FRUCTOSE FERM ENTATION
Zym om onas m o b i l i s  CP4 was c u l t i v a t e d  i n  c o n t i n u o u s  $
c u l t u r e  on  m e d iu m  c o n t a i n i n g  20 g / 1  o f  f r u c t o s e .  S t e a d y
s t a t e s  d a t a  f o r  b i o m a s s ,  e t h a n o l  a nd  r e s i d u a l  f r u c t o s e  
c o n c e n t r a t i o n s  a r e  show n  i n  f i g u r e  3 . 2 . 1 . 2  a nd  t a b l e  3 . 2 . 1 . 2
M a x i m a l  v a l u e s  o f  b i o m a s s  and  e t h a n o l  w e r e  r e s p e c t i v e l y
0 . 3 7  g / 1  a nd  9 . 2  g /1  a t  d i l u t i o n  r a t e  0 . 1 6  h “ ■> . B io m a s s  a n d  %
e t h a n o l  y i e l d s  w e r e  0 . 0 1 9  a nd  0 . 4 8  g / g /  r e s p e c t i v e l y .  The  
max imum v o l u m e t r i c  p r o d u c t i v i t y  o f  1 . 8  g / l . h  was o b s e r v e d  a t  
d i l u t i o n  r a t e  0 . 2 1  h"^  b u t  t h e  v a l u e  o f  c o n v e r s i o n  t o
t
e t h a n o l  e f f i c i e n c y  s t a r t e d  f a l l i n g  a t  t h a t  same v a l u e  o f
I
I
d i l u t i o n  r a t e .  %
The  v a l u e  o f  b i o m a s s  p r o d u c e d  was l o w  and  t h i s  
o b s e r v a t i o n  h a s  bee n  n o t i c e d  by o t h e r  a u t h o r s .  Dawes e t  
a l . ( 2 6 )  a nd  M c G i l l  and  Dawes ( 5 9 )  h a v e  p r e v i o u s l y  r e p o r t e d  
r e l a t i v e l y  l o w  b i o m a s s  y i e l d  and  s l o w  g r o w t h  on f r u c t o s e .  
M o re  r e c e n t l y ,  s i g n i f i c a n t  d i f f e r e n c e s  w e r e  o b s e r v e d  w i t h  
g r o w t h  r a t e  and  c e l l  y i e l d  by  R o g e r s  e t  a l .  ( 8 1 ) .  B a t c h  
f e r m e n t a t i o n s  u t i l i s e d  h i g h  c o n c e n t r a t i o n s  (2 5 0  g / 1 )  o f
d i f f e r e n t  s u b s t r a t e s  and  i t  was f o u n d  t h a t  f r u c t o s e  
f e r m e n t a t i o n  p r o d u c e d  a b o u t  o n e - h a l f  o f  b i o m a s s  c o m p a r e d  
w i t h  t h o s e  c a r r i e d  o u t  on  g l u c o s e  o r  s u c r o s e .  A c c o r d i n g  t o  
V i i k a r i  a nd  K o r h o l a  ( 1 0 7 )  d u r i n g  t h e  m e t a b o l i s m  o f  f r u c t o s e
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t h e  r e l a t i v e l y  l o w  c e l l  y i e l d  can  p a r t l y  be e x p l a i n e d  by t h e  
l o s s  o f  ATP i n  t h e  f o r m a t i o n  o f  d i h y d r o x y a c e t o n e  and  
g l y c e r o l  and  p a r t l y  by t h e  t o x i c  e f f e c t  o f  d i h y d r o x y a c e t o n e  
and  a c e t a l d e h y d e  on  t h e  g r o w t h  o f  t h e  o r g a n i s m .
i;
C o n t i n u o u s  f e r m e n t a t i o n  o f  f r u c t o s e  c a r r i e d  o u t  i n  t h i s  
w o r k  show ed  t h a t  v o l u m e t r i c  p r o d u c t i v i t i e s  r e a c h e d  i t s  
maximum v a l u e  when d i l u t i o n  r a t e  was a r o u n d  0 . 2  h - i .  T o r a n -  
D i a z  e t  a l .  ( 1 0 2 )  h a v e  r e p o r t e d  c o n t i n u o u s  f e r m e n t a t i o n  
u s i n g  f r u c t o s e  a t  1 0 % ( w / v )  i n  t h e  m e d iu m .  A s u p e r i o r  v a l u e  
o f  v o l u m e t r i c  p r o d u c t i v i t y  o f  3 g / l . h  was o b s e r v e d  a t  
d i l u t i o n  r a t e  a r o u n d  0 .1  h - i .
When f r u c t o s e  i s  t h e  s u b s t r a t e ,  h i g h  v a l u e s  o f  d i l u t i o n  |  
r a t e  h a v e  b ee n  o n l y  p o s s i b l e  by t h e  u s e  o f  m o d i f i c a t i o n  i n  
t h e  f e r m e n t e r  s u c h  as i n t e r n a l  s e t t l e r  ( 1 0 2 )  and  t h e  
u t i l i z a t i o n  o f  a f l o c c u l e n t  s t r a i n  ( 3 ) .
,,si
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3 . 2 . 1 . 3  SUCROSE FERMENTATION
Zym om onas m o b i l i s  CP4 was u s e d  f o r  e t h a n o l  p r o d u c t i o n  
f r o m  s u c r o s e  a t  2 1 . 1  g /1  i n  c h e m o s t a t  c u l t u r e .  The  k i n e t i c
p a r a m e t e r s  o f  t h e  f e r m e n t a t i o n  a t  d i f f e r e n t  d i l u t i o n  r a t e s  
a r e  p r e s e n t e d  i n  t a b l e s  3 . 2 . 1 . 2 ( a )  and  3 . 2 . 1 . 3 ( b )  and  f i g u r e  
3 . 2 . 1 . 3 .
S u c r o s e  was  e x t e n s i v e l y  h y d r o l y s e d  i n  a l l  v a l u e s  o f  
d i l u t i o n  r a t e .  O n l y  l o w  a m o u n t s  o f  s u c r o s e  r e m a i n e d  
u n h y d r o l y s e d ,  a t  h i g h  d i l u t i o n  r a t e s .  V i i k a r i  and  L i n k o  
( 1 0 8 )  h a v e  m e n t i o n e d  t h a t  e v e n  a t  h i g h  s u b s t r a t e  
c o n c e n t r a t i o n s  t h e  h y d r o l y s i s  o f  s u c r o s e  was i n  no c a s e  a 
l i m i t i n g  f a c t o r  o f  t h e  f e r m e n t a t i o n .
F r u c t o s e  a n d ,  t o  a l e s s e r  e x t e n t  g l u c o s e  w e r e  p r e s e n t  i n  
t h e  f e r m e n t e r  a t  i n c r e a s i n g  c o n c e n t r a t i o n s  i n  t h e  h i g h e s t  
d i l u t i o n  r a t e s  t e s t e d .  T h e r e  was an i n c r e a s e  i n  l e v a n  
f o r m a t i o n  when d i l u t i o n  r a t e  e x c e e d e d  0 . 2  h" and  a f t e r  i t  
r e m a i n e d  c o n s t a n t .
E x c e p t  f o r  d i l u t i o n  r a t e  o f  0 . 3 5  h" ■> , t h e  e t h a n o l  y i e l d  
was c o n s t a n t  ( 0 . 4  g / g )  i n  t h e  w h o l e  r a n g e  o f  d i l u t i o n  r a t e s  
w h i c h  r e p r e s e n t s  a r o u n d  80 % o f  c o n v e r s i o n  t o  e t h a n o l
e f f i c i e n c y .  T h a t  i s  a l o w  v a l u e  c o m p a r e d  w i t h  t h o s e  f o r  
g l u c o s e  and  f r u c t o s e .  A c c o r d i n g  t o  V i i k a r i  ( 1 0 4 )  t h e  e t h a n o l  
y i e l d  f r o m  t h e  f e r m e n t a t i o n  o f  s u c r o s e  by Zym om onas m o b i l i s  
s t r a i n s  i s  l o w  b e c a u s e  o f  f o r m a t i o n  o f  l e v a n  and  s o r b i t o l .  
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l a t t e r  w i t h  e t h a n o l  f o r m a t i o n .  I n  a d d i t i o n  t o  h i g h  m o l e c u l a r  
w e i g h t  l e v a n  ( p r e c i p i t a b l e  f o r m ) ,  f r u c t o - o l i g m e r s  h a v e  a l s o  
be e n  d e t e c t e d  by B a r r o w  e t . a l . ( 1 2 ) .  H e r e  o n l y  t h e  
p r e c i p i t a b l e  f o r m  was m e a s u r e d .  I f  t h e r e  was f r u c t o - o l i g m e r s  
p r o d u c t i o n ,  t h e y  w e r e  m e a s u r e d  a s  f r u c t o s e .  H o w e v e r ,  t h i s  
seem s u n l i k e l y  c o n s i d e r i n g  t h e  s m a l l  a m o u n t  o f  f r u c t o s e  
f o u n d  i n  t h e  s a m p l e s .
3 . 2 . 1 - 4  MEASUREMENT OF MAINTENANCE ENERGY C O E FF IC IE N T
By e x t r a p o l a t i n g  Qs t o  z e r o  d i l u t i o n  r a t e  ( f i g u r e  
3 . 2 . 1 . 4 ) ,  t h e  m a i n t e n a n c e  e n e r g y  c o e f f i c i e n t ,  d e n o t e d  b y  t h e  
l e t t e r  "m" c a n  be c a l c u l a t e d  as  1 .1  h ~ '' f o r  g l u c o s e ,  1 . 4  h-   ^
f o r  f r u c t o s e  and  0 . 5  h “ f o r  s u c r o s e ,  f r o m  t h e  f o l l o w i n g  
e q u a t i o n  p r o p o s e d  by P i r t  ( 7 5 ) .
Qs = ( j / Y  + m
The  c o n c e p t  o f  m a i n t e n a n c e  e n e r g y  ca n  be t r a c e d  d e e p l y  
i n t o  t h e  p a s t .  I t  was f i r s t  m e n t i o n e d  by T e r r o i n e  and  
W u rm s e r  i n  1922 ( 9 9 )  and  m o re  r e c e n t l y  H e r b e r t  i n  1958  ( 3 9 )  
t o  e x p l a i n  t h e  d e v i a t i o n  i n  c h e m o s t a t  c u l t u r e s  f r o m  t h e  
Monod t h e o r y .
P l o t t i n g  t h e  s p e c i f i c  s u b s t r a t e  u t i l i s a t i o n  r a t e  (Qs ) 
a g a i n s t  d i l u t i o n  r a t e  y i e l d s  a s t r a i g h t  l i n e  w h i c h  c u t s  t h e  
Qs a x i s  a t  a p o s i t i v e  v a l u e .  T h u s ,  a t  z e r o  d i l u t i o n  r a t e ,
i . e .  when t h e r e  i s  no  g r o w t h ,  t h e r e  i s  a r e s i d u a l  s u b s t r a t e  
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A c c o r d i n g  t o  P i r t  ( 7 5 )  e n e r g y  r e q u i r e m e n t s  f o r  m a i n t e n a n c e  
p u r p o s e s  a r e  t u r n o v e r  o f  c e l l  m a t e r i a l s ,  o s m o t i c  w o r k  t o  
m a i n t a i n  c o n c e n t r a t i o n s  g r a d i e n t s  b e tw e e n  t h e  c e l l  and  i t s  i
e x t e r i o r ,  and  c e l l  m o t i l i t y .
The  v a l u e s  o f  m a i n t e n a n c e  e n e r g y  c o e f f i c i e n t  c a l c u l a t e d  
h e r e  ca n  be c o m p a r e d  w i t h  a p r e v i o u s  i n v e s t i g a t i o n  by 
F i e s c h k o  and H u m p h r e y  ( 3 2 ) .  W o r k i n g  w i t h  Zym om onas m o b i l i s  
ATCC 10988 i n  a d e f i n e d  s a l t s  med ium ( c o n t a i n i n g  2% g l u c o s e ,  
w i t h  ammonium a s  n i t r o g e n  s o u r c e  and  1 , 2  x 10-5  g / 1
p a n t o t h e n a t e )  t h e s e  i n v e s t i g a t o r s  f o u n d  t h a t  e l e v a t i n g  t h e  
t e m p e r a t u r e  c a u s e d  an i n c r e a s e  i n  t h e  m a i n t e n a n c e  e n e r g y  
c o e f f i c i e n t  f r o m  0 . 5  -  2 . 2  g g l u c o s e / g  c e l l / h .
The v a l u e  o f  m a i n t e n a n c e  e n e r g y  c o e f f i c i e n t  i s  e x p e c t e d  
t o  v a r y  a c c o r d i n g  t o  Goma e t  a l .  ( 3 6 ) .  T h e s e  a u t h o r s  h a v e  
m e n t i o n e d  t h a t  i n  a d d i t i o n  t o  t h o s e  f a c t o r s  p o i n t e d  o u t  by 
P i r t  w h i c h  i n f l u e n c e  t h e  v a l u e  o f  m a i n t e n a n c e  e n e r g y  
c o e f f i c i e n t  o t h e r s  s h o u l d  be a l s o  t a k e n  i n t o  a c c o u n t  s u c h  as  
t h e  f a c t o r  r e p r e s e n t i n g  t h e  p a r t  o f  t h e  s u b s t r a t e  u s e d  f o r  
t h e  f o r m a t i o n  o f  p r o d u c t  and  s e c o n d a r y  m e t a b o l i t e s .  
A c c o r d i n g  t o  t h e m  t h e  f a c t o r s  i n v o l v e d  i n  m a i n t e n a n c e  
e n e r g y  a r e  n u m e r o u s  a n d  c o m p l e x  and  i t  i s  r a t h e r  d o u b t f u l  a 
c o n s t a n t  c h a r a c t e r  f o r  i t  s i n c e  a l l  t h o s e  f a c t o r s  ca n  c h a n g e  
w i t h  t i m e  o r  w i t h  t h e  s p e c i f i c  g r o w t h  r a t e .
The  d i f f e r e n t  v a l u e s  f o u n d  f o r  m a i n t e n a n c e  e n e r g y  
c o e f f i c i e n t  i n  t h i s  w o r k  may s u g g e s t  t h a t  v a r i a t i o n s  i n  t h e  
c a r b o n  s o u r c e  c o n s t i t u t e  f a c t o r s  w h i c h  i n f l u e n c e  i t s  v a l u e .
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3 . 2 . 1 . 5  CONVERSION TO ETHANOL E F F IC IE N C Y
The f i g u r e  3 . 2 . 1 . 5  r e p r e s e n t s  t h e  d i f f e r e n t  v a l u e s  o f  
c o n v e r s i o n  t o  e t h a n o l  e f f i c i e n c y  f o r  e a c h  i n d i v i d u a l  s u g a r  
f e r m e n t a t i o n  a t  2% ( w / v )  i n  t h e  r a n g e  o f  d i l u t i o n  r a t e
t e s t e d .
C o n v e r s i o n  e f f i c i e n c y  v a r i e d  f r o m  80% t o  97% f o r  d i l u t i o n  
r a t e  up t o  0 . 2  h - i .  A t  t h a t  r a n g e  o f  d i l u t i o n  r a t e s  g l u c o s e  
s h ow ed  t h e  h i g h e s t  v a l u e s  ( a r o u n d  9 5 % ) ,  f o l l o w e d  by  f r u c t o s e  
(90%)  a nd  t h e n  by s u c r o s e  ( 8 0 % ) .  H o w e v e r ,  t h e r e  was a f a l l  
i n  c o n v e r s i o n  e f f i c i e n c y  a t  d i l u t i o n  r a t e s  h i g h e r  t h a n  0 . 2  
h" ■' . F r u c t o s e  had  i t s  v a l u e  down t o  67% a t  d i l u t i o n  r a t e  o f  
0 . 2 4  h “ . S u c r o s e  c o n v e r s i o n  t o  e t h a n o l  e f f i c i e n c y  f e l l  t o  
v a l u e s  o f  76 a n d  58% a t  d i l u t i o n  r a t e s  o f  0 . 3 2  and  0 . 3 5  h " i  
r e s p e c t i v e l y  w h i l e  g l u c o s e  c o n v e r s i o n  e f f i c i e n c y  was s t i l l  
h i g h  a t  d i l u t i o n  r a t e  o f  0 . 2 9  a nd  d r o p p e d  t o  72% a t
d i l u t i o n  r a t e  o f  0 . 3 6 h - i .
T h u s ,  d u e  t o  t h e s e  r e s u l t s ,  t h e  f u r t h e r  e x p e r i m e n t a t i o n  
w i t h  c h e m o s t a t  u t i l i s e d  g l u c o s e  a t  h i g h e r  c o n c e n t r a t i o n  
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3 . 2 . 2  CHEMOSTAT GROWTH UNDER NITROGEN L IM IT A T IO N
1
Zym om onas m o b i l i s  CP4 was s t u d i e d  i n  c h e m o s t a t  c u l t u r e  î%
u n d e r  n i t r o g e n  l i m i t e d  c o n d i t i o n s  a t  35 "  0 .  T h i s  c o n d i t i o n  J
was a c h i e v e d  by  i n c r e a s i n g  t h e  c o n c e n t r a t i o n  o f  g l u c o s e  t o  I
5% ( w / v )  w h i l e  t h e  n i t r o g e n  s o u r c e ,  y e a s t  e x t r a c t  r e m a i n e d  1
y0 .5 %  ( w / v )  i n  t h e  m e d iu m .  4
S t e a d y  s t a t e  a t  d i l u t i o n  r a t e  o f  0 . 1 7  h~ ■< f o l l o w i n g  c h a n g e  :■
f r o m  b a t c h  t o  c o n t i n u o u s  c u l t u r e  i s  show n i n  f i g u r e  3 . 2 , 2  -i
and  v a l u e s  i n  t a b l e  3 . 2 . 2  4
A s h o r t  p e r i o d  o f  o s c i l l a t i o n s  was o b s e r v e d  f o l l o w i n g  |
c o m m en cem e n t  o f  c o n t i n u o u s  c u l t u r e  b e f o r e  t h e  e s t a b l i s h i m e n t  >
o f  s t e a d y  s t a t e .  Lee  e t  a l . ( 5 3 , 5 2 )  and B r u c e  e t  a l . ( 1 8 )  h a v e  x
r e p o r t e d  t y p i c a l  o s c i l l a t i o n s  i n  b i o m a s s ,  g l u c o s e  a n d  %
e t h a n o l  w i t h  Zym om onas m o b i l i s  ATCC 10988  and  ZM4 w i t h  15% I
g l u c o s e  m ed ium  f o l l o w i n g  a c h a n g e  i n  d i l u t i o n  r a t e  a nd  
c o m m e n ce m e n t  o f  c o n t i n u o u s  c u l t u e .
U n d e r  t h i s  c o n d i t i o n  o f  n i t r o g e n  l i m i t i n g  a nd  v a l u e  o f  
d i l u t i o n  r a t e ,  t h e  s t e a d y  s t a t e  c o n d i t i o n s  i s  i n e f f i c i e n t  as  
g l u c o s e  was n o t  f u l l y  m e t a b o l i s e d  . R a t e s  r e p r e s e n t i n g  
a r o u n d  25% o f  f e e d  m ed ium  g l u c o s e  w e r e  b e i n g  w a s t e d  w h i l e  
t h e  v a l u e  o f  c o n v e r s i o n  t o  e t h a n o l  e f f i c i e n c y  was a r o u n d  
60%.
o l/l. U1t—i lis N OO o••o
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Table 3.2.2 Fermentation of glucose by Z.mobilis CP4 
under nitrogen limitation condition. Data refer to batchwise 
and chemostat culture, (dilution rate=0.17 h )
culture
t ime X Sr [P]
0)u> (h) (g/1) (g/1) (g/1)
_co 3 0.5 17.3 4.5c500 5 0.58 9.6 6.1
9 0.85 16.9 11.8
1 2 0.77 20.2 12.4"cSÜ)o 1 5 0.87 5.1 14.1EQ)_C 23 0.78 16.3 16.3O 38 0.81 11.4 15.8
46 ' 0.81 13.3 16.1






3 . 2 . 2 .  1 DELTA-TYPE OF PULSE
I t  was  d e c i d e d  t o  c h e c k  t h e  s y s t e m  i n  r e s p e c t  o f  
r a t e - l i m i t i n g  n u t r i e n t s  c a r r y i n g  o u t  p u l s i n g  o f  s i n g l e  
c o m p o n e n t s  o f  t h e  med ium i n  t h e  c h e m o s t a t .  T h i s  t e c h n i q u e  
r e p r e s e n t s  a v e r y  e f f i c i e n t  t o o l  f o r  d e t a i l e d  n u t r i e n t s  |
s t u d i e s .  G l u c o s e  a n d  y e a s t  e x t r a c t  w e r e  t h e  c o m p o n e n t s  t o  be |
t e s t e d .  The  f o r m e r ,  m a i n l y  t o  e n s u r e  t h a t  an e x t r a  p u l s e  o f  t
g l u c o s e  i n t o  t h e  s y s t e m  w o u l d  r e s u l t  i n  no  i n c r e a s e  i n  
b i o m a s s  o r  e t h a n o l  c o n c e n t r a t i o n  c l e a r l y  s h o w i n g  t h a t  t h e  
s y s t e m  was n o t  u n d e r  c a r b o n  l i m i t a t i o n .
T h e r e  a r e  o n l y  f e w  p u b l i c a t i o n s  c o n c e r n i n g  t h e  p u l s e  
m e t h o d .  N a g a i  e t  a l . ( 6 8 )  h a v e  p u b l i s h e d  t h e  A z o t o b a c t e r  
v i n e l a n d i i  r e s p o n s e  t o  a d e l t a  t y p e  o f  p u l s e  e f f e c t e d  i n  a 
m e d ium  v i a  g l u c o s e .  A c c o r d i n g  t o  t h e m ,  t h e  f r a c t i o n  o f  RNA 
i n  t h e  c e l l s  i n c r e a s e d  s i g m o i d a l l y  as  t h e  p r o t e i n  f r a c t i o n  
d e c r e a s e d  e x p o n e n t i a l l y  w h i l e  o t h e r  c e l l u l a r  c o m p o n e n t s  
r e m a i n e d  a p p r o x i m a t e l y  u n c h a n g e d .  H a r v e y  ( 3 8 )  h a s  r e p o r t e d  
t h e  u s e  o f  p u l s e  m e th o d  on g l u c o s e - l i m i t e d  c h e m o s t a t  o f  
E s c h e r i c h i a  c o l i . S u p p l e m e n t a t i o n  w i t h  g l u c o s e  p l u s  20 a m in o  «
a c i d s ,  p r o d u c e d  an i m m e d i a t e  i n c r e a s e  i n  t h e  s p e c i f i c  r a t e  
o f  b i o m a s s  a nd  RNA s y n t h e s i s  f o l l o w e d  by  an i n c r e a s e  i n  t h e  
s p e c i f i c  r a t e  o f  p r o t e i n  s y n t h e s i s .
The f i g u r e  3 . 2 . 2 . 1 ( a )  and  t a b l e  3 . 2 . 2 . 1 ( a )  and  f i g u r e  
3 . 2 . 2 . 1 ( b )  a n d  t a b l e  3 . 2 . 2 . 1 ( b )  r e s p e c t i v e l y  i l u s t r a t e  
p u l s e s  c a r r i e d  o u t  w i t h  g l u c o s e  a nd  y e a s t  e x t r a c t  i n  
n i t r o g e n - l i m i t e d  c h e m o s t a t  c u l t u r e  o f  Zym om onas m o b i l i s  CP4.
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Table 3.2.2.1(a)Values of residual glucose, biomass 
and ethanol for a chemostat culture of Z.mobilis CP4 
subjected to a delta pulse of glucose.
culture
t ime Sr X [PI
(h) (g/1) (g/1) (g/1)
73 12.1 0.8 15.4
73.5 12.1 0.82 16.2
74 11.7 0.81 1 6
74.3 21.4
74.5 21.6 0.78 15.9
75.3 21 0.79 15.8
76 18.8 0.79 1 6
77 15.1 0.82 16.3
78.5 12.1 0.81 16.1
80 12.6 0.81 15.5
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Table 3.2.2.1(b) Values of residual glucose, biomass and 
ethanol for a chemostat culture of Z.mobilis CP4
jbjected to a delta pulse of yeast extract.









97 11.6 0.81 16.1
97.5 10.9 0.79 14.5
98 8.3 0.83 15.8
98.5 7.2 0.86 16.5
99.5 N.D. 0.97 21
100 N.D. 1 22.3
101 N.D. 0.98 21.6
102 0.9 0.95 17.3
103 2.8 0.88 16.7
104 8.2 0.83 15.4
105 13.4 0.78 15.8
106 12.1 0.79 16.4
108 11.4 0.81 16.1
122
N.D.:
12.6 0.80  
Not Detectable
15.6
As f a r  as  e t h a n o l  p r o d u c t i o n  by  Zym om onas m o b i l i s  CP4 
u n d e r  n i t r o g e n - l i m i t e d  and  g l u c o s e  5 % ( w / v )  i s  c o n c e r n e d  i t  
ca n  be s a i d  t h a t  s u c h  c o n d i t i o n  i s  i n e f f i c i e n t  a s  
s a t i s f a c t o r y  v a l u e s  o f  e t h a n o l  w e r e  o n l y  a c h i e v e d  when t h e  
n i t r o g e n  r e s t r i c t i o n  was t e m p o r a r i l y  r e m o v e d .  T h u s  t h e  
f u r t h e r  e x p e r i m e n t a t i o n  w i t h  t h e  c h e m o s t a t  u t i l i s e d  g l u c o s e  
a t  5 % ( w / v )  b u t  t h e  n i t r o g e n  l i m i t a t i o n  was re m o v e d  by 
i n c r e a s i n g  t h e  a m o u n t  o f  t h e  y e a s t  e x t r a c t  t o  1 % ( w / v ) .
i
59
4g l u c o s e  c o n s u m p t i o n  w e r e  r a t h e r  d i f f e r e n t .  When g l u c o s e  was  ç
u s e d  i n  t h e  p u l s e ,  i t  was w a s h e d  o u t  o f  t h e  c h e m o s t a t  a nd  no  
c h a n g e  i n  t h e  v a l u e  o f  b i o m a s s  was o b s e r v e d  as  t h e  t i m e  w e n t  
by  e v e n t h o u g h  t h e  g l u c o s e  v a l u e  r o s e  t o  a r o u n d  20 m g /m l  t h a t  
d i d  n o t  e f f e c t  b i o m a s s  c o n c e n t r a t i o n  n o r  e t h a n o l  p r o d u c t i o n .  
H o w e v e r ,  when t h e  y e a s t  e x t r a c t  p u l s e  was c a r r i e d  o u t ,  t h e  4
b i o m a s s  v a l u e  i n c r e a s e d  s i g m o i d a l l y  w i t h  t i m e ,  r e a c h i n g  ^
v a l u e s  a r o u n d  1 g / 1 .  The  i n c r e a s e  i n  b i o m a s s  a f f e c t e d  |1.
p o s i t i v e l y  t h e  p r o d u c t i o n  o f  e t h a n o l  a s  i t  f o l l o w e d  t h e  |
t r e n d  o f  b i o m a s s  a l t h o u g h  t o  a l e s s  e x t e n t  as  i t s  v a l u e s  
c h a n g e d  f r o m  16 up  t o  22 g / 1 .  Y e t  an e f f i c i e n c y  e t h a n o l
c o n v e r s i o n  v a l u e  o f  90% was r e a c h e d .
60
3 . 2 . 3  CHEMOSTAT GROWTH UNDER GLUCOSE L IM I T A T I O N  AT 5%
( w / v )
C h e m o s t a t  c u l t u r e  o f  Zym om onas m o b i l i s  CP4 was c a r r i e d  
o u t  u n d e r  c a r b o n  l i m i t e d  c o n d i t i o n s  a t  5 % ( w / v )  g l u c o s e  w i t h  
y e a s t  e x t r a c t  a t  1 % ( w / v )  i n  t h e  m e d ium .
S t e a d y  s t a t e s  w e r e  o b t a i n e d  o v e r  d i f f e r e n t  d i l u t i o n  r a t e  
v a l u e s  as  show n  i n  f i g u r e  3 . 2 . 3  and  t a b l e  3 . 2 . 3
M a x im a l  v a l u e s  o f  b i o m a s s  and  e t h a n o l  w e r e  r e s p e c t i v e l y  
1 . 0 9  a nd  2 1 . 1  g /1  a t  d i l u t i o n  r a t e  0 . 2 2  h - i .  B i o m a s s  and
e t h a n o l  y i e l d  w e r e  0 . 0 2 2  a nd  0 . 4 3  g / g  r e s p e c t i v e l y .  The  
l a t t e r  r e p r e s e n t s  a v a l u e  o f  c o n v e r s i o n  t o  e t h a n o l  
e f f i c i e n c y  o f  85%. The  max imum v o l u m e t r i c  p r o d u c t i v i t y  o f  5 
g / l / h  was o b s e r v e d  a t  d i l u t i o n  r a t e  0 . 2 7  h ~ b u t  t h e  v a l u e  
o f  c o n v e r s i o n  t o  e t h a n o l  e f f i c i e n c y  s t a r t e d  f a l l i n g  a t  t h a t  
same v a l u e  o f  d i l u t i o n  r a t e .
T h e s e  r e s u l t s  ca n  be c o m p a r e d  w i t h  t h o s e  o f  Lee  e t  a l .  
( 4 7 )  who g r e w  Zym om onas m o b i l i s  ATCC 31821 w i t h  6% ( w / v )
g l u c o s e  m ed ium  a t  t e m p e r a t u r e  30 "  C. I n  t h e i r  s t u d i e s ,  a t  
d i l u t i o n  r a t e s  up t o  0 . 4  h - i ,  g l u c o s e  l i m i t a t i o n  o c c u r r e d  
and  e t h a n o l  v a l u e s  w e r e  a r o u n d  30 g /1  and  b i o m a s s  v a l u e s
w e r e  a l s o  s u p e r i o r  ( a r o u n d  2 g / 1 )  w h i c h  l e d  t o  v a l u e s  o f
b i o m a s s  y i e l d  h i g h e r  t h a n  0 . 0 3  g / g .
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3 . 2 . 4  TRANSIENT OPERATION TECHNIQUE
I t  was d e c i d e d  f o r  f u r t h e r  e x p e r i m e n t a t i o n s  a 
m o d i f i c a t i o n  i n  t h e  c u l t i v a t i o n  m e t h o d .  The  m o d i f i c a t i o n  
o f  c o n t i n u o u s  c u l t i v a t i o n  c h o s e n  was t r a n s i e n t  r e a c t o r  
t e c h n i q u e  w h i c h  was c a r r i e d  o u t  by  s u b j e c t i n g  t h e  
m i c r o o r g a n i s m  t o  d e f i n e d  t r a n s i e n t  c o n d i t i o n s  o f  g r o w t h .  
T h i s  was i m p l e m e n t e d  t h a t  s u c h  a p p r o a c h  c o u l d  l e a d  t o  
i m p r o v e d  e t h a n o l  p r o d u c t i v i t i e s  a s  i t  h as  been  known f o r  
o v e r  40 y e a r s  t h a t  p e r i o d i c  o p e r a t i o n  o f  a c h e m i c a l  s y s t e m  
i s  s o m e t i m e s  s u p e r i o r  t o  s t e a d y - s t a t e  o p e r a t i o n  ( 7 1 ) .  T h u s ,  
by a p p l y i n g  c o n t i n u o u s  c h a n g e s  i n  a p a r t i c u l a r  s y s t e m  
p a r a m e t e r ,  i t  i s  f e s e a b l e  t h a t  i n d u s t r i a l  b i o r e a c t o r s  c o u l d
M i c r o b i a l  p r o d u c t i o n  i n  p r a c t i c a l  a p p l i c a t i o n s  s t r o n g l y  1
d e p e n d s  on  t h e  e x t r a c e l l u l a r  p a r a m e t e r s  o f  t h e  s y s t e m  w h i c h  
a r e  o f  t h e  p h y s i c a l  and  c h e m i c a l  n a t u r e .
W h e r e a s  t h e  c h e m i c a l  p a r a m e t e r s  a r e  r e p r e s e n t e d  by  t h e  
n u t r i e n t s  a nd  o t h e r  c o m p o n e n t s ,  t h e  p h y s i c a l  o n e s  d e p e n d  on 
t h e  f e a t u r e s  o f  t h e  e q u i p m e n t  s u c h  as  c u l t i v a t i o n  m e th o d  and  |
t y p e  o f  e q u i p m e n t  s e l e c t e d .
So f a r  i n  t h i s  w o r k ,  t h e  c h e m i c a l  p a r a m e t e r s  a p p r o a c h  
d e a l t  w i t h  t h e  u s a g e  o f  d i f f e r e n t  s o u r c e s  o f  c a r b o n  f o r  & 
e t h a n o l  p r o d u c t i o n  w h e r e a s  t h e  e q u i p m e n t  u s e d  was b a t c h w i s e  
and  c h e m o s t a t .  G l u c o s e  was s e l e c t e d  d u e  t o  t h e  b e s t  r e s u l t s  
a c h i e v e d .  H o w e v e r  when i t s  c o n c e n t r a t i o n  was e l e v a t e d ,  
v a l u e s  o f  p r o d u c t i v i t y  d r o p p e d .
?
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be made t o  i n c r e a s e  p r o d u c t  y i e l d s ,  an i d e a  t h a t  h a s  
r e c e n t l y  be e n  p r o p o s e d  b a s e d  on  l a b o r a t o r y  f i n d i n g s  ( 7 2 ) .
I n  i n d u s t r y  t h e r e  a r e  f e w  e x a m p l e s  o f  f e r m e n t a t i o n  t h a t  
r u n  b o t h  c o n t i n u o u s l y  and  u n d e r  w h a t  c o u l b  be d e s c r i b e d  as  
p u r p o s e l y  t r a n s i e n t  c o n d i t i o n  ( e . g . ,  f e d - b a t c h - t y p e  
f e r m e n t a t i o n s ) .  E x a m p l e s  o f  b i o l o g i c a l  r e a c t o r s  o p e r a t i n g  
c o n t i n u o u s l y  u n d e r  t r a n s i e n t  c o n d i t i o n s  a r e  t h o s e  u s e d  f o r  
t h e  p r o d u c t i o n  o f  p e n i c i l l i n  ( 7 )  and  c e p h a l o s p o r i n  ( 1 0 3 )  i n  
r e p e a t e d  f e d - b a t c h  c u l t u r e .  I n  t h e s e  c a s e s ,  b o t h  t h e  p e r i o d  
o f  a n t i b i o t i c  p r o d u c t i o n  and  t h e  o v e r a l l  c u l t u r e  
p r o d u c t i v i t y  h a v e  b ee n  d e m o n s t r a t e d  t o  be i n c r e a s e d  b y  t h i s  
t y p e  o f  o p e r a t i o n .
T r a n s i e n t  r e a c t o r  o p e r a t i o n  ( 7 1 )  i n c l u d e s  a l l  p e r i o d s  i n  
w h i c h  e n v i r o n m e n t a l  c o n d i t i o n s  c h a n g e  o t h e r  t h a n  l a g - p h a s e s .  
I n  a n a l o g y  t o  c h e m i c a l  r e a c t o r  o p e r a t i o n  ( 7 )  f o u r  b r o a d  
c l a s s e s  o f  p e r i o d i c  o p e r a t i o n  w e r e  d e f i n e d  as sh o w n  i n  
f i g u r e  3 . 2 . 4
F i r s t ,  a p r o c e s s  l i f e  c y c l e  c o n s i d e r s  t h e  l o n g - t e r m  
o p e r a t i o n  o f  a r e a c t o r  w h e r e  a c y c l e  may be d e t e r m i n e d  by 
p o i s o n i n g  o f  a c a t a l y s t .  I n  a l l  i n s t a n c e s  o f  b i o l o g i c a l  
r e a c t o r  o p e r a t i o n  t h i s  t y p e  o f  c y c l e  w i l l  be s h o r t  e x c e p t ,  
p e r h a p s ,  w h e r e  i m m o b i l i z e d  e n z y m e s  s y s t e m s  a r e  i n v o l v e d .
The  o t h e r  c l a s s e s  c o n s i d e r  t h e  p e r t u r b e d  p r o c e s s  i n  m o re  
d e t a i 1.
R e l a x e d  s t e a d y - s t a t e  o p e r a t i o n  o c c u r s  when a s y s t e m  i s  
u n a b l e  t o  f o l l o w  r a p i d  c y c l i n g  and  e n t e r s  w h a t  i s  t e r m e d  a
-lip




























Fig, 3.2.4 The four classes of transient (periodic) reactor operation as defined by B a i l e y ). Typical reactor output responses are shown for the four classes,
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" r e l a x e d "  s t e a d y - s t a t e ,  a s y s t e m  t o w a r d s  a t i m e  i n v a r i a n t  
v a l u e .
IQ u a s i - s t e a d y  p e r i o d i c  o p e r a t i o n  i s  t h e  o p p o s i t e  t o  sIr e l a x e d  s t e a d y - s t a t e  o p e r a t i o n  a nd  c o n s i d e r s  a p r o c e s s  u n d e r  
t i m e - i n v a r i a n t  c o n d i t i o n s ,  i . e . ,  when t h e  p e r i o d  o f  t h e  
i n p u t  o s c i l l a t i o n  i s  l a r g e  c o m p a r e d  w i t h  t h e  s y s t e m  r e s p o n s e  
t i m e ;  t h e  s y s t e m  y i e l d s  a s t e a d y - s t a t e  r e l a t i o n s h i p  w i t h  t h e  
i n p u t  a t  a n y  t i m e .  H e r e ,  t h e  m e c h a n i s m s  i s  f u l l y  a d a p t e d  and  
i t  b e h a v e s  a s  i f  t h e  o r g a n i s m s  w e r e  a t  s t e a d y - s t a t e  w i t h  t h e  
p a r t i c u l a r  e n v i r o n m e n t a l  c o n d i t i o n s .  T h i s  i s  t r u e  f o r  
" b a l a n c e d "  g r o w t h  i n  c o n t i n u o u s  c u l t u r e s  a p p l i c a t i o n s ,  t h e  
d y n a m i c s  o f  a g i v e n  m e c h a n i s m  a r e  n o t  i m p o r t a n t .
I n t e r m e d i a t e  p e r i o d i c  o p e r a t i o n  l i e s  b e t w e e n  b o t h  
e x t r e m e s  and  c o v e r s  s y s t e m s  w h e r e  t h e  r e s p o n s e  t i m e  i s  o f  
t h e  same o r d e r  as  t h e  im p o s e d  f u n c t i o n  c y c l e  t i m e  s o  t h a t  
" r e s o n a n c e "  c a n  h a p p e n .  H e r e ,  t h e  s t a t e  o f  t h e  m e c h a n i s m  
c h a n g e s  d y n a m i c a l l y  a nd  d o e s  n o t  r e l a t e  d i r e c t l y  t o  t h e  
e n v i r o n m e n t  c o n d i t i o n s  a t  t h e  moment  c o n s i d e r e d .
T r a n s i e n t  r e a c t o r  o p e r a t i o n  h a v e  r e c e n t l y  b e e n  s u m m a r i s e d  
i n  r e v i e w  a r t i c l e s  p r e s e n t e d  by  P i c k e t t  ( 7 2 ) ,  B a r f c r d  e t  a l .  ^
( 1 0 ) ,  P i c k e t t  e t  a l . ( 7 3 ) ,  D a i z z e r  and  G r a d y  ( 2 5 ) ,  S h e r r a r d  4
and  L a w r e n c e  ( 8 7 )  a n d  C h i  and  H o w e l l  ( 2 2 ) .
■i
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3 . 2 . 4 . 1  TRANSIENT OPERATION CHEMOSTAT U T I L I S I N G  GLUCOSE
AT 2 AND 5%, AND 2 AND 10%, AND 2 AND 20% ( W /V )  FOR
AMPLITUDE VALUES AT DIFFERENT CYCLE T IM E S .
I n  t h i s  f i r s t  s e t  o f  e x p e r i m e n t s ,  t h e  c u l t u r e  o f
Zym om onas m o b i l i s  CP4 was g r o w n  u n d e r  c o n t i n u o u s  t r a n s i e n t
c h e m o s t a t  w h i c h  was o p e r a t e d  w i t h  a l t e r n a t i n g  g l u c o s e
a m p l i t u d e s  o f  2 a nd  5%, 2 a nd  10%, a nd  2 and  20% ( w / v ) ,  and  
c y c l e  t i m e  v a l u e s  o f  2 ,  4 and  6 h o u r s .  The e t h a n o l
p r o d u c t i o n  was  c o m p a r e d  t o  d a t a  o b t a i n e d  i n  s i m p l e  c h e m o s t a t  
o p e r a t i o n  g r o w n  w i t h  3 .5 % ,  6% and 11% ( w / v )  g l u c o s e ,
r e s p e c t i v e l y .  The  v a l u e  o f  d i l u t i o n  r a t e  was  f i x e d  as  0 . 2  h"
 ^ f o r  b o t h  t e c h n i q u e s .  Y e a s t  e x t r a c t  was  u s e d  a t  1% ( w / v )  
and  a l l  o t h e r  c o m p o n e n t s  o f  t h e  m e d ium  k e p t  a t  t h e i r  
o r i g i n a l  c o n c e n t r a t i o n s  as  p r e v i o u s l y  d e s c r i b e d .
The  r e s u l t s  o b t a i n e d  u n d e r  t r a n s i e n t  o p e r a t i o n  a r e  show n  
i n  f i g u r e s  3 . 2 . 4 . 1 . ( a ) ,  3 . 2 . 4 . 1 . ( b )  a n d  3 . 2 . 4 . 1 . ( c ) .  B o t h
t r a n s i e n t  o p e r a t i o n  and  s i m p l e  c h e m o s t a t  c h e m o s t a t  
t e c h n i q u e s  a r e  c o m p a r e d  i n  f i g u r e  3 . 2 . 4 . 1 . ( d ) .
L i t t l e  h a s  b ee n  p u b l i s h e d  on  t h e  r e s p o n s e  o f  a m i c r o b i a l  
c u l t u r e  s u b j e c t e d  t o  a w e l l - d e f i n e d  a n d  r e p e a t e d  t r a n s i e n t
c o n d i t i o n s .  S u n d s t r o m  e t  a l .  ( 9 5 )  t e s t e d  t h e  e f f e c t  o f 1v a r y i n g  t h e  s u b s t r a t e  c o n c e n t r a t i o n  s i n u s o i d a l l y  i n  an 1
a c t i v a t e d  s l u d g e  r e a c t o r  w i t h  b i o m a s s  f e e d - b a c k ,  b u t  t h e  |
■‘3r e s u l t s  o b t a i n e d  by  t h e s e  w o r k e r s  w e r e  d i f f i c u l t  t o  
i n t e r p r e t  i n  p h y s i o l o g i c a l  t e r m s  s i n c e  m i x e d ,  m a i n l y  '|
u n i n d e n t i f i e d  c u l t u r e s  w e r e  u s e d  g r o w i n g  on  an u n d e f i n e d
■'Im e d iu m .  1
,;ï
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B o r z a n i  e t  a l . ( 1 6 )  u s i n g  an e s s e n t i a l l y  u n d e f i n e d  
s u b s t r a t e  o f  s u g a r  c a n e  m o l a s s e s ,  e x a m i n e d  t h e  r e s p o n s e  o f  I
i
t h e  y e a s t  S a c c h a ro m y c e s  c e r e v i a s i a e  t o  s i m p l e  and c o m p l e x  
c y c l i c  v a r i a t i o n s  i n  s u b s t r a t e  c o n c e n t r a t i o n .  When t h e y  u s e d  
a s q u a r e - w a v e  p e r t u r b a t i o n , t h e  d r y  w e i g h t  o f  t h e i r  c u l t u r e  è
v a r i e d  s i n u s o i d a l l y  i n  a m a n n e r  q u a l i t a t i v e l y  s i m i l a r  t o  t h e  
f l u c t u a t i o n s  i n  t u r b i d i t y  t h a t  i t  was  o b s e r v e d  i n  t h e  
p r e s e n t  w o r k .
A g e n e r a l  o b s e r v a t i o n  f r o m  t h e  f i g u r e s  3 . 2 . 4 . 1 . ( a ) ,  ( b )
a nd  ( c )  i s  t h a t  a s  t h e  f r e q u e n c y  o f  g l u c o s e  c y c l i n g  was 
i n c r e a s e d  ( i . e .  t h e  c y c l e  d e c r e a s e d ) ,  t h e  m a g n i t u d e  o f  t h e  
o b s e r v e d  o s c i l l a t i o n s  i n  b i o m a s s  a nd  e t h a n o l  d e c r e a s e d  u n t i l  
i t  became d i f f i c u l t  t o  d e t e c t  a n y  c h a n g e .  When t h e  c u l t u r e  
was u n d e r  c y c l e  t i m e  o f  2 h o u r s ,  t h e  v a l u e s  o f  b i o m a s s  a nd  
e t h a n o l  w e r e  k e p t  c o n s t a n t .  I t  d i d  n o t  m a t t e r  t h e  m a g n i t u d e  ^
o f  t h e  d i f f e r e n c e  b e t w e e n  t h e  t w o  g l u c o s e  c o n c e n t r a t i o n s  
u s e d  was b i g  (2  a nd  20%) o r  s m a l l  ( 2  a nd  5%) and  no a p p a r e n t  
e f f e c t  c o u l d  be o b s e r v e d .  The  c u l t u r e  b e h a v i o u r  t e n d e d  m o r e  
t o w a r d  a s t e a d y  s t a t e  c o n d i t i o n .  I n  o t h e r  w o r d s ,  t h e  c u l t u r e  
s h o w e d  f e a t u r e s  o f  b e i n g  u n d e r  r e l a x e d  s t e a d y  s t a t e  
o p e r a t i o n  ( a c c o r d i n g  t o  f i g u r e  3 . 2 . 4  c l a s s i f i c a t i o n ) .
When c y c l e  t i m e  v a l u e  o f  2 h o u r s  was u s e d ,  t h e  c e l l s  w e r e  
a p p a r e n t l y  u n a b l e  t o  r e s p o n d  t o  r a p i d  c h a n g e s  i n  t h e  g r o w t h  
e n v i r o n m e n t ,  t h e  c h a n g e s  o c c u r i n g  t o o  r a p i d l y  f o r  t h e i r  
m e t a b o l i s m  t o  a d j u s t  a c c o r d i n g l y  i n b e t w e e n .  A l t e r n a t i v e l y ,  
t h e  c e l l s  c o u l d  be r e s p o n d i n g  t o  t h e  i m p o s e d  c o n d i t i o n s  b u t  
t h e i r  r e s p o n s e  was t o o  s m a l l  t o  be d e t e c t e d  e x p e r i m e n t a l l y .
J
in rH
1toPMd 0 (NL> O B ’•H -H Otn •4-1 +1•H (d • 01—)■ H 0 4-1•H M «—I (dA fd u kQ > >1e u c0 o4J 4M -HN 0 -PTJ PU 0 W rH0 4J 0 -Hm Ü p Q0 rHw •IH td •N A  ^Q) P 'H•4-1 W fpO P 'HB fp 0(0 c — -M 0 > «(dCM <D S î3 } /P o(A p rtS rPÜ +1 in•H 1—1 VO•4-1 P fp
0) U P "P ÎC 0 P•H P 0« 0  04p  »-—»w m  -H
(0 O 0 MB ^1—1 0  0• Æ  W rP ÏU 0 H*• u<N p p '•'H  rH ►--ro p i*Hpi ' Jp ps •H 0n > P 04u 0hH P  P  Pk  O O
«I O C (O CO
la - f =» u  o  (0
rH
i iW■HPh Ü 4J 04O O•H <U OW -P  rH•H n3 ü  0)•H >i4J‘H M Ü  rOA fO P0 > mR o pO o-p (0 -H
(ü 4->P PN 0) rH  rHO 4J fÛ ■'H(H üû) > QW't—ifd 'N A C
0) p d  'rH4J (A •VHQ) >
U d > (Ad PA 0) Of> PU o Ow P rH Kpu -P•H iH fd U34-> P Pd U d  "T)P P•H 4-> c#P dw d  04+JW «H •HA O 0 ■HRrH Q) (D* fP W ^U 0 Tf• u04 P p «%'H rHro t n ' H
tnM P T3K •H Q) ÆD 3  tp 04U 0M P  MH m
Ch tn o 0
£. g  3









ü 4-> >1 <tJ 
ü U
Mo«H







0)W Tn ^  fQ 'O «'—wm p G 44- p  «  «d 4H 
(U 4H g »o 
c! >
dP Q 
O ^  fNM V3P 'O%
P




P w îd 






CN G  
• *H rH I-—<ro tTt'H
i '
OM Cm
en G 'ü  
'H  0) x i  > P  CN 




The  v a l u e s  o f  b i o m a s s  f o r  c y c l e  t i m e  o f  2 h o u r s  w e r e  
0 . 7 8 ,  1 a nd  1 .2 1  g /1  when t h e  c h e m o s t a t  o p e r a t e d  w i t h
a l t e r n a t i n g  g l u c o s e  a m p l i t u d e  o f  2 a nd  5%,  2 and  10% and  2 
and  2 0 % ( w / v ) ,  r e s p e c t i v e l y .
A n o t h e r  g e n e r a l  com m en t  i s  t h a t  t h e  g l u c o s e  i n  t h e  
r e a c t o r  had  i t s  v a l u e  i n c r e a s e d  as  t h e  s y s t e m  was b e i n g  f e d  
w i t h  t h e  h i g h e r  g l u c o s e  m ed ium  w h i l e  i t s  v a l u e  d e c r e a s e d  
when t h e  l o w e r  g l u c o s e  m ed ium  was u s e d .  T h i s  i s  v a l i d  f o r  
a n y  c y c l e  t i m e  o r  a m p l i t u d e  c a r r i e d  o u t .
The  a p p l i a n c e  o f  c y c l e  t i m e  o f  4 h o u r s  p r o d u c e d  s m o o th  
r e s p o n s e s  f r o m  t h e  o r g a n i s m s .  Sm o o th  o s c i l l a t i o n s  on v a l u e s  
o f  b i o m a s s  a n d  e t h a n o l  c o u l d  be s e e n .  The  v a l u e s  o f  b i o m a s s  
o s c i l l a t e d  f r o m  0 . 7  t o  0 . 9 3  ( a l t e r n a t i n g  g l u c o s e  a m p l i t u d e  
o f  2 and  5 % ) ,  f r o m  1 .0 1  t o  1 . 5 6  ( a l t e r n a t i n g  g l u c o s e  
a m p l i t u d e  o f  2 and  10%) and  f r o m  1 . 3  t o  1 . 6 5  g /1  when
a l t e r n a t i n g  g l u c o s e  a m p l i t u d e  o f  2 and  20% w e r e  u s e d .
When c y c l e  t i m e  o f  6 h o u r s  was u s e d ,  t h e  b e h a v i o u r  o f  t h e  
c u l t u r e  was c l e a r e r  when c o m p a r e d  w i t h  c y c l e  t i m e  o f  4 h o u r s  
as  t h e  o s c i l l a t i o n s  on  v a l u e s  o f  b i o m a s s  and  e t h a n o l  w e r e  
m o re  p r o n o u n c e d  w h a t e v e r  t h e  a l t e r n a t i n g  g l u c o s e  
c o n c e n t r a t i o n s  w e r e  a p p l i e d .  The  s y s t e m  was  a b l e  t o  r e s p o n d  
and c h a n g e d  d y n a m i c a l l y  a c c o r d i n g  t o  t h e  i n p u t  o f  d i f f e r e n t  
c o n c e n t r a t i o n s  o f  g l u c o s e .
The  o s c i l l a t o r y  r e s p o n s e  o f  t h e  c u l t u r e ,  w i t h  m i n i m a  
v a l u e s  o f  b i o m a s s  0 . 6 1 ;  0 . 8 3 ;  and  1 . 2 3  g / 1  ( f o r  a l t e r n a t i n g  
g l u c o s e  a m p l i t u d e  o f  2 a nd  5%, 2 and  10%, a nd  2 and  20%,
r e s p e c t i v e l y )  o c c u r r e d  j u s t  a f t e r  t h e  c h a n g e  t o  h i g h e r  i n p u t  
n u t r i e n t  c o n c e n t r a t i o n .  A t  t h a t  p o i n t  t h e  c u l t u r e  p r o d u c e d  a
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l a g - p h a s e  l i k e  s t a g e  f o l l o w e d  by  a s i g m o i d a l l y  i n c r e a s e  w i t h  
t i m e  r e a c h i n g  i t s  h i g h e s t  v a l u e s .  The  m ax im a  v a l u e s  o f  
b i o m a s s  w e r e  1 f o r  2 and  5% g l u c o s e  a m p l i t u d e ,  1 .5 7  f o r  2 ’
and  10% g l u c o s e  a m p l i t u d e  and  1 . 6 4  g /1  f o r  2 and  20% g l u c o s e  
a m p l i t u d e .  i
O v e r  t h e  s e c o n d  h a l f  o f  t h e  c y c l e  t i m e ,  a f t e r  t h e  c h a n g e  
t o  l o w  i n p u t  n u t r i e n t  c o n c e n t r a t i o n ,  t h e  v a l u e s  o f  b i o m a s s  
d r o p p e d .  The  r e s p o n s e  t o  s h i f t - d o w n  i n  g l u c o s e  c o n c e n t r a t i o n  
was  a l w a y s  f a s t e r  t h a n  t h e  r e s p o n s e  t o  s h i f t - u p .
't.
As f a r  a s  c o n v e r s i o n  e f f i c i e n c y  t o  e t h a n o l  i s  c o n c e r n e d  è 
t h e  sam e v a l u e s  o f  g l u c o s e  a m p l i t u d e  u s e d  ca n  be g a t h e r e d  
d e s p i t e  o f  t h e  d i f f e r e n t  c y c l e  t i m e  w h i c h  w e r e  c a r r i e d  o u t .
So when t h e  a l t e r n a t i n g  g l u c o s e  c o n c e n t r t i o n  o f  2 a nd  5% 
w e r e  u s e d ,  t h e  s i m i l a r  v a l u e s  o f  8 4 ,  85 and  89 o f  c o n v e r s i o n  |  
e f f i c i e n c y  v a l u e s  ( c o r r e s p o n d i n g  t o  c y c l e  t i m e  o f  2 ,  4 and  6 
h o u r s )  w e r e  f o u n d .
When t h e  a l t e r n a t i n g  g l u c o s e  c o n c e n t r a t i o n  o f  2 a nd  10% 
w e r e  u s e d ,  t h e  s i m i l a r  v a l u e s  o f  5 2 ,  47 and  47% o f
c o n v e r s i o n  e f f i c i e n c y  ( c o r r e s p o n d i n g  t o  c y c l e  t i m e  o f  2 ,  4
and  6 h o u r s )  w e r e  f o u n d .  The  c o m p a r i s o n  h e r e  w i t h  s i m p l e  
c h e m o s t a t  r u n n i n g  w i t h  6% ( w / v )  g l u c o s e  med ium  as  sh ow n  i n  
f i g u r e  3 . 2 . 4 . 1 . ( d ) s h ow s  t h a t  b o t h  t e c h n i q u e s  p r o d u c e  
s i m i 1a r  r e s u l t s .
When g l u c o s e  a t  2 and  20% w e r e  u s e d ,  t h e  s i m i l a r  v a l u e s  
o f  2 8 ,  30 a nd  30% o f  c o n v e r s i o n  e f f i c i e n c y  v a l u e s
( c o r r e s p o n d i n g  t o  c y c l e  t i m e  o f  2 ,  4 and  6 h o u r s )  w e r e
f o u n d .  The  c o m p a r i s o n  h e r e  w i t h  s i m p l e  c h e m o s t a t  f e d  w i t h  
1 1 % ( w / v )  g l u c o s e  m e d iu m  sh ow s  t h a t  an  i n v e r t e d  s i t u a t i o n  a s
68
s i m p l e  c h e m o s t a t  r e a c h e d  h i g h e r  v a l u e s  o f  42% as  sh ow n  i n  
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GLUCOSE C O N C E N T R A T I O N  ( q / 1 )
Fig. 3,2,4. l(dl Coinparison of conversion Efficiency of glucose to ethanol under transient chemostat ope ration using alternating glucose concentration of 2 and 5, 2 and 10 and 2 and 20% (Only mean values of different cycle time are usedl and simple chemos tat with glucose at 3,5; 6 and 11%(w/vj medium.
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I n  t h e  f u r t h e r  s e t  o f  e x p e r i m e n t s  i t  was d e c i d e d  t o  t e s t  
t h e  t r a n s i e n t  o p e r a t i o n  w h e r e  t h e  c o n c e n t r a t i o n  o f  g l u c o s e  
was i n  a m o re  r e a l i s t i c  o n e ,  n e a r e r  o f  w h a t  i s  u s e d  i n
a l c o h o l  f a c t o r y .  Two h i g h e r  p a i r s  o f  g l u c o s e  c o n c e n t r a t i o n s  
o f  8 and  11% ( w / v )  a nd  8 a nd  16% ( w / v )  w e r e  u s e d  i n  t h e
f e r m e n t a t i o n  c a r r i e d  o u t .
3 . 2 . 4 . 2  TRANSIENT OPERATION CHEMOSTAT OF 2 .  M O B IL IS  CP4 
U T I L I S I N G  8 AND 11% AND 8 AND 16% GLUCOSE MEDIUM AT CYCLE 
TIME VALUE OF 2 HOURS.
I n  t h i s  s e t  o f  e x p e r i m e n t s ,  Zym om onas m o b i l i s  
CP4 was g r o w n  u n d e r  c o n t i n u o u s  t r a n s i e n t  c h e m o s t a t  w h i c h  was  
o p e r a t e d  w i t h  a l t e r n a t i n g  g l u c o s e  a m p l i t u d e  o f  8 and  11% a nd  
8 a nd  16% ( w / v ) .  F o r  c o m p a r i s o n  s i m p l e  c h e m o s t a t  r u n n i n g
w i t h  g l u c o s e  9 . 5  a n d  12% ( w / v )  med ium w e r e  c a r r i e d  o u t  . As 
t h e  v a l u e  o f  c y c l e  t i m e  p l a y e d  an u n i m p o r t a n t  r u l e  i n  t h e
f i r s t  s e t  o f  e x p e r i m e n t  d e s c r i b e d  i n  s e s s e i o n  3 . 2 . 4 .  1, i t s
v a l u e  was f i x e d  a s  2 h o u r s  f o r  t h e  p r e s e n t  f e r m e n t a t i o n s .
To p r e v e n t  n i t r o g e n  l i m i t a t i o n ,  t h e  y e a s t  e x t r a c t  
c o n c e n t r a t i o n  was  i n c r e a s e d  t o  2% i n  t h e  m e d ium  w h i l e  o t h e r  
c o m p o n e n t s  o f  i t  k e p t  a t  t h e i r  o r i g i n a l  c o n c e n t r a t i o n  as  
p r e v i o u s l y  d e s c r i b e d .
The  f i g u r e  3 . 2 . 4 . 2  s h o w s  s t e a d y  s t a t e  c o n d i t i o n s  f o r  t h e  
t w o  p a i r s  o f  a l t e r n a t i n g  g l u c o s e  u s e d  u n d e r  c o n t i n u o u s  
t r a n s i e n t  c o n d i t i o n s  a nd  t a b l e  3 . 2 . 4 . 2  s h o w s  t h e  v a l u e s  o f  
c o n v e r s i o n  e f f i c i e n c y  t o  e t h a n o l  f o r  b o t h  c o n t i n u o u s  
t r a n s i e n t  and  s i m p l e  c h e m o s t a t  o p e r a t i o n  u s e d .
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B io m a s s  r e a c h e d  s i m i l a r  v a l u e s  o f  1 . 3  and  and  1 . 4  g /1  f o r  
a l t e r n a t i n g  c o n c e n t r a t i o n s  o f  g l u c o s e  v a l u e s  o f  8 and  11% 
( w / v )  and  8 a nd  16% ( w / v )  r e s p e c t i v e l y  w h i l e  v a l u e s  o f
e t h a n o l  s h o w e d  t o  be a l s o  s i m i l a r  as  t h e y  w e r e  a r o u n d  20 g / 1  
f o r  b o t h  p a i r s  o f  g l u c o s e  c o n c e n t r a t i o n s  u s e d .
The  n o n - g l u c o s e  u t i l i s e d  p r e s e n t  i n  t h e  f e r m e n t e r  r e a c h e d  
t h e  h i g h  v a l u e s  o f  50 and  6 6 g / l  f o r  g l u c o s e  a m p l i t u d e  v a l u e s  
o f  8 and  11% a nd  8 a nd  16% r e s p e c t i v e l y  w h i c h  sh o w s  t h a t  
g l u c o s e  was p o o r l y  u t i l i s e d  by  t h e  b a c t e r i a  and  l a r g e l y  
w a s h e d  o u t  t h e  s y s t e m .
When b o t h  c o n t i n u o u s  t r a n s i e n t  and  s i m p l e  c h e m o s t a t  a r e  
c o m p a r e d  a s  t a b l e  3 . 2 . 4 . 2  d o e s ,  i t  ca n  be s a i d  t h a t  n e i t h e r  
t e c h n i q u e  e m p l o y e d  g a v e  s a t i s f a c t o r y  r e s u l t s .  B o t h  
t e c h n i q u e s  w e r e  q u i t e  u n e f f i c i e n t  as  t h e  r a t e  o f  g l u c o s e
c o n v e r s i o n  t o  e t h a n o l  w e r e  a s  l o w  as  40% and  29%
r e s p e c t i v e l y  f o r  g l u c o s e  a m p l i t u d e  v a l u e s  o f  8 and  11% and  8
and  16% when  t r a n s i e n t  o p e r a t i o n  was u s e d  and  48% a nd  45% 
f o r  9 .5 %  a nd  12% ( w / v )  g l u c o s e  m e d i a  u s e d  u n d e r  s i m p l e
c h e m o s t a t  o p e r a t i o n .
As t h e  c o n v e r s i o n  e f f i c i e n c y  v a l u e s  w e r e  n o t  s a t i s f a t o r y  
i t  was  d e c i d e d  t o  c h e c k  t h e  s y s t e m  i n  r e s p e c t  o f  r a t e -
l i m i t i n g  n u t r i e n t s  by c a r r y i n g  o u t  p u l s i n g  o f  s i n g l e  
c o m p o n e n t s  o f  t h e  m ed ium  i n  t h e  c h e m o s t a t .  M a g n e s iu m ,  
P o t a s s i u m ,  Ammonium and  y e a s t  e x t r a c t  w e r e  t h e  c o m p o u n d s  t o  
be t e s t e d  . I n  o r d e r  t o  c h e c k  t h e  e f f e c t  o f  e t h a n o l  on  t h e  
c u l t u r e ,  a p u l s e  u t i l i s i n g  e t h a n o l  was a l s o  c a r r i e d  o u t .
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3 . 2 . 5  DELTA-TYPE OF PULSE U T I L I S I N G  MINERAL SALTS, 
YEAST EXTRACT AND ETHANOL.
C h e m o s t a t  c u l t u r e  o f  Zym om onas m o b i l i s  CP4 was 
g r o w n  u n d e r  9 .5% g l u c o s e  and  2% y e a s t  e x t r a c t  m e d ium  a t  
f i x e d  d i l u t i o n  r a t e  v a l u e  o f  0 . 2  h - i .  When s t e a d y  s t a t e  
was a c h i e v e d ,  a s e r i e s  o f  p u l s i n g  u t i l i s i n g  10 ml o f  e a c h  
t h e  f o l l o w i n g  c o m p o u n d s :  1 . 5 g  M gS04 , 1 . 5 g  KH2 PO4 , 1 . 5 g
( N H 4 ) 2 S 0 4 ,  3 g Y e a s t  e x t r a c t  and  100% e t h a n o l ,  w e r e
c a r r i e d  o u t .
3 . 2 . 5 . 1  MAGNESIUM DELTA-TYPE PULSE.
The  f i g u r e  3 . 2 . 5 . 1  shows  t h e  m a g n e s iu m  p u l s e  
c a r r i e d  o u t  on  t h e  c u l t u r e .
M ed ium  c o m p o s i t i o n  p l a y s  an e s s e n t i a l  r o l e  o f  a 
s u c c e s s f u l  l a b o r a t o r y  e x p e r i m e n t ,  p i l o t - s c a l e  d e v e l o p m e n t  
a n d  m a n u f a c t u r i n g  p r o c e s s .  The  c o n s t i t u e n t s  o f  a m e d ium  
m u s t  s a t i s f y  t h e  e l e m e n t a l  r e q u i r e m e n t s  f o r  c e l l  b i o m a s s  
and  m e t a b o l i t e  p r o d u c t i o n  a nd  t h e r e  m u s t  be an a d e q u a t e  
s u p p l y  o f  e n e r g y  f o r  b i o s y n t h e s i s  and c e l l  m a i n t e n a n c e .
M a g n e s iu m  i s  r e q u i r e d  i n  t h e  med ium c o m p o s i t i o n  f o r  
p l a y i n g  a v e r y  i m p o r t a n t  r o l e  i n  t h e  a c t i o n  o f  many 
e n z y m e s ,  p a r t i c u l a r l y  t h o s e  i n v o l v e d  i n  g l u c o s e  
m e t a b o l i s m  and  many A T P - d e p e n d e n t  r e a c t i o n s .  H o w e v e r  h i g h  
c o n c e n t r a t i o n s  o f  m a g n e s iu m  i n  a e t h a n o l  p r o d u c i n g  
p r o c e s s  u t i l i s i n g  m o l a s s e s  l e a d s  t o  l o w  p r o d u c t i v i t y  and  
S k o t n i c k i  e t  a l .  ( 8 8 )  h a v e  r e p o r t e d  t h a t  h i g h  m a g n e s iu m  
c o n c e n t r a t i o n  i n  t h e  m e d iu m  i n h i b i t s  t h e  g r o w t h  o f  
Zym om onas m o b i l i s  ZM4 w h i l e  C r o m i e  and  D o e l l e  ( 2 3 )  h a v e
72 %
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p u b l i s h e d  t h a t  i n c r e a s i n g  t h e  a m o u n t  o f  m a g n e s i u m  a b o v e
6 g / l  d i d  n o t  i m p r o v e  g l u c o s e  u t i l i s a t i o n .  ?
I
When t h e  p u l s e  u t i l i s i n g  m a g n e s i u m  was c a r r i e d  o u t  i t  was 
d e m o n s t r a t e d  t h a t  t h e  c u l t u r e  was  n e i t h e r  u n d e r  m a g n e s i u m  
l i m i t a t i o n  n o r  b e i n g  i n h i b i t e d  by i t  a s  t h e  f i g u r e
3 . 2 . 5 . 1  s h o w s ,  t h e  c u l t u r e  was  n o t  d i s t u r b e d  by  t h e  
s u d d e n  r i s e  o f  m a g n e s i u m .
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3 . 2 . 5 . 2  POTASSIUM DELTA-TYPE PULSE.
The  f i g u r e  3 . 2 . 5 . 2  s h ow s  t h e  p o t a s s i u m  p u i s e  
c a r r i e d  o u t  on  t h e  c u l t u r e .
P o t a s s i u m  i s  l i s t e d  a m o n g s t  t h o s e  i n o r g a n i c  i o n s  w h i c h  
a r e  r e q u i r e d  i n  s u b s t a n t i a l  q u a n t i t y .  Much o f  t h e  p o t a s s i u m  
seems  t o  be b ou n d  up w i t h  t h e  RNAs s o  t h a t  t h e  p o t a s s i u m  
r e q u i r e m e n t  i s  i n c r e a s e d  by f a c t o r s  s u c h  as  g r o w t h  r a t e  
w h i c h  i n c r e a s e s  t h e  RNA c o n t e n t  o f  t h e  b i o m a s s .  P o t a s s i u m  
i o n s  f u n c t i o n  a s  c o e n z y m e s  and  p r o b a b l y  a c t  as  c a t i o n s  i n
t h e  s t r u c t u r e  o f  RNA and o t h e r  a n i o n i c  s t r u c t u r e s  i n  t h e
c e l l  ( 7 5 ) .
A c c o r d i n g  t o  S k o t n i c k i  e t  a l .  ( 8 8 )  t h e  g r o w t h  and  e t h a n o l
p r o d u c t i o n  by  Zym omonas m o b i l i s  i s  p o o r  d ue  t o  t h e  h i g h
c o n c e n t r a t i o n  o f  t h i s  i o n  i n  m o l a s s e s .  A m o r i m  a nd  Campos ( 4 )  
h a v e  m e n t i o n e d  t h a t  h i g h  c o n c e n t r a t i o n  o f  p o t a s s i u m  i n  
m o l a s s e s  d e p r e s s e s  by c o m p e t i t i o n  t h e  u p t a k e  o f  o t h e r  i o n s  
s u c h  a s  m a g n e s i u m ,  z i n c  and m a n g a n e s e .
When t h e  p u l s e  u t i l i s i n g  p o t a s s i u m  was c a r r i e d  o u t  i t  was
shown  t h a t  t h e  c u l t u r e  was n e i t h e r  u n d e r  p o t a s s i u m
l i m i t a t i o n  n o r  b e i n g  i n h i b i t e d  by  i t  a s  t h e  f i g u r e  3 . 2 . 5 . 2
s h o w s ,  t h e  c u l t u r e  was n o t  d i s t u r b e d  by  t h e  s u d d e n  r i s e  o f
p o t a s s i u m .
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3 . 2 . 5 . 3  AMMONIUM DELTA-TYPE PULSE
The  f i g u r e  3 . 2 . 5 . 3  s h o w s  t h e  ammonium p u i s e  
c a r r i e d  o u t  on  t h e  c u l t u r e .
As A l e x a n d r i  e t  a l . ( 2 )  h a v e  p o i n t e d  o u t  t h e r e  i s  a t o t a l  
l a c k  o f  k n o w l e d g e  a b o u t  t h e  u p t a k e  o f  ami  n o a c i d s  and  o t h e r  
N - s u b s t r a t e s  i n  Zym om onas m o b i l i s .  T h e y  h a v e  p u b l i s h e d  a 
s t u d y  on ami  n o a c i d  u p t a k e  by  Zym om onas m o b i l i s  u t i l i s i n g  
g l u t a m i n e  as  s u b s t r a t e  w h i l e  Ga l  ami  e t  a l . ( 3 4 )  h a v e  r e p o r t e d  
t h a t  ammonium s u l p h a t e  c o u l d  be u s e d  a s  a s o l e  n i t r o g e n  
s o u r c e  f o r  g r o w t h  o f  c e l l s  o f  Z.  m o b i l i s  when  a c h e m i c a l l y  
d e f i n e d  m i n i m a l  m e d i um was u t i l i s e d .
I n  t h i s  w o r k ,  when  t h e  ammonium p u l s e  was  c a r r i e d  o u t  
t h e r e  was  no e v i d e n c e  t h a t  i n d i c a t e d  t h e  c u l t u r e  was u n d e r  
l i m i t a t i o n  o r  i n h i b i t i o n  by  ammonium s u l p h a t e .
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Y e a s t  e x t r a c t  c a n  p r o m o t e  t h e  g r o w t h  o f  an a r r a y  o f  
m i c r o o r g a n i s m s ,  b o t h  a e r o b i c  and  a n a e r o b i c .  I t  p r o v i d e s  a 
v a r i e t y  o f  o r g a n i c  n i t r o g e n e o u s  c o n s t i t u e n t s  ( p a r t i a l  
b r e a c k d o w n  p r o d u c t s  o f  p r o t e i n s )  w h i c h  c a n  f u l f i l l  t h e  
g e n e r a l  n i t r o g e n  r e q u e r i m e n t s , and  i t  a l s o  c o n t a i n s  m i n e r a l s  
a nd  m o s t  o f  t h e  o r g a n i c  g r o w t h  f a c t o r s  l i k e l y  t o  be r e q u i r e d  
t o  m i c r o o r g a n i s m .  Y e t  when t h e  y e a s t  e x t r a c t  p u l s e  t o o k  
p l a c e  t h e r e  was n o  e v i d e n t  e f f e c t  o r  d i s t u r b a n c e  u po n  t h e  
c u l t u r e .
3 . 2 . 5 . 4  YEAST EXTRACT DELTA-TYPE PULSE
The f i g u r e  3 . 2 . 5 . 4  s h ow s  t h e  y e a s t  e x t r a c t  p u l s e  
c a r r i e d  o u t  on t h e  c u l t u r e .
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3 . 2 . 5 . 5  ETHANOL DELTA-TYPE PULSE
The f i g u r e  3 . 2 . 5 . 5  s h o w s  t h e  e t h a n o l  p u l s e  
c a r r i e d  o u t  on  t h e  c u l t u r e .
The  a c c u m u l a t i o n  o f  e t h a n o l  as  an e nd  p r o d u c t  o f  
f e r m e n t a t i o n  i s  known t o  c a u s e  p r o g r e s s i v e  i n h i b i t i o n  i n  t h e  
r a t e  o f  s u g a r  c o n v e r s i o n  t o  e t h a n o l  by  Zymomonas m o b i l i s  
( 2 0 , 4 4 ) .  T h i s  phen omen o n  i s  p a r t i c u l a r l y  i m p o r t a n t  d u r i n g  
c o m m e r c i a l  e t h a n o l  p r o d u c t i o n  and  i n c r e a s e s  t h e  t i m e  
r e q u i r e d  t o  c o m p l e t e  t h e  c o n v e r s i o n  o f  s u g a r  s u b s t r a t e  t o  
e t h a n o l  and  l i m i t s  t h e  f i n a l  c o n c e n t r a t i o n  o f  e t h a n o l  
a c h i e v e d  ( 4 2 ) .  Many s t u d i e s  h a v e  h y p o t h e s i z e d  t h a t  t h e  
i n h i b i t i o n  i s  due  t o  d i r e c t  a c t i o n  o f  e t h a n o l  on  k e y  e n z y m e s  
o f  g l y c o l y s i s  and  e t h a n o l  p r o d u c t i o n  i n v o l v i n g  f e e d b a c k  
i n h i b i t i o n  o r  e nzyme  i n a c t i v a t i o n  ( 1 4 , 4 1 , 4 4 , 6 3 , 6 9 ) .  Osman 
a nd  I n g r a m  ( 7 0 )  h a v e  p r o p o s e d  t h a t  i n h i b i t i o n  o f  
f e r m e n t a t i o n  by  e t h a n o l  i n  Zymom onas m o b i l i s  a p p e a r s  t o  
r e s u l t  f r o m  i n c r e a s e d  l e a k a g e  t h r o u g h  t h e  p l a s m a  m e m b r a n e ,  
a l l o w i n g  l o s s  o f  c o f a c t o r s  and  c o e n z y m e s .  T h r e e  b a s i c  w a ys  
i n  w h i c h  e t h a n o l  w o u l d  be e x p e c t e d  t o  d e c r e a s e  t h e
e f f e c t i v e n e s s  o f  t h e  p l a s m a  membr ane  as  a h y d r o p h o b i c
b a r r i e r :  ( i )  by  a l t e r i n g  t h e  c o l i g a t i v e  p r o p e r t i e s  o f  t h e
e n v i r o n m e n t ,  ( i i )  by  d i r e c t l y  i n t e r a c t i n g  w i t h  t h e  m e m b r a n e ,  
a nd  s o  d e c r e a s i n g  t h e  e f f e c t i n e s s  o f  t h e  h y d r o p h o b i c  c o r e  o f  
t h e  membr ane  l e a d i n g  t o  i n c r e a s e d  me mbr aqne  p e r m e a b i l i t y  and  
membr ane  l e a k a g e ,  a nd  ( i i i )  by  a l t e r i n g  t h e  d i e l e t r i c
p r o p e r t i e s  o f  t h e  e n v i r o n m e n t .
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When t h e  e t h a n o l  p u l s e  was c a r r i e d  o u t  t h e  n e g a t i v e
&e f f e c t  on t h e  c u l t u r e  c o u l d  be o b s e r v e d  a s  t h e  b i o m a s s  t
,'5
d r o p p e d  and t h e n  l a t e r  r e t u r n  t o  i t s  p r e v i o u s  v a l u e  as  
e t h a n o l  was b e i n g  w a s h e d  o u t  t h e  s y s t e m .  T h i s  s u g g e s t s  t h a t  
Zymomonas m o b i l i s  CP4 i s  p a r t i c u l a r l y  s e n s i t i v e  t o  h i g h  «
c o n c e n t r a t i o n s  o f  e t h a n o l  p r e s e n t  i n  t h e  b r o t h .
C r o m i e  and  D o e l l e  ( 2 3 )  h a v e  e m p h a s i z e d  t h e  n eed  t o  
d e v e l o p  new d e s i g n e d  c u l t i v a t i o n  t e c h n i q u e s  t o  s u i t  t h e  
p e c u l i a r i t i e s  o f  Zym om onas m o b i l i s  i n  o r d e r  t o  i n c r e a s e  
e t h a n o l  p r o d u c t i o n  a n d  s u b s t r a t e  u t i l i s a t i o n  e f f i c i e n c y .  |
Many p u b l i c a t i o n s  h a v e  r e s p o n d e d  t o  t h a t  s t a t e m e n t  o f  C r o m i e  
and  D o e l l e  ( 2 3 )  and  d i f f e r e n t  f e r m e n t a t i o n s  t e c h n i q u e s  h a v e  
b een  a d a p t e d  and  m a k i n g  p o s s i b l e  t h e  u s e  o f  Zym om onas  
m o b i l i s  as  p r o m i s i n g  e t h a n o l - p r o d u c e r .
H o w e v e r ,  i t  seems  t h a t  Zym omonas m o b i l i s  CP4 e x h i b i t s  a 
c o n s i d e r a b l e  s e n s i b i l i t y  t o  e t h a n o l  as  w e l l  a s  an i n c o m p l e t e  
m e t a b o l i s m  o f  s u b s t r a t e  when i t  i s  p r e s e n t e d  a t  h i g h  
c o n c e n t r a t i o n .  T a c k l i n g  p a r t i c u l a r l y  t h e  i n h i b i t o r y  e f f e c t  
o f  e t h a n o l  B r u c e  a nd  D a u g u l i s  ( 1 9 )  and  B r u c e  e t  a l .  ( 1 8 )  
h a v e  s u c c e s s f u l l y  s h ow n  t h a t  e x t r a c t i v e  f e r m e n t a t i o n  c a n  be 
u s e d  t o  g r e a t l y  i m p r o v e  t h e  p e r f o r m a n c e  o f  Zym om onas m o b i l i s  
i n  c o n t i n u o u s  c u l t u r e  w i t h o u t  a d v e r s e l y  a f f e c t i n g  e t h a n o l  o r  
b i o m a s s  y i e l d s .  The  c o n t i n u o u s  r e m o v a l  o f  e t h a n o l  f r o m  t h e  
b r o t h ,  by t h e  c y c l i n g  a s o l v e n t  t h r o u g h  t h e  c u l t u r e ,  t h e  
e t h a n o l  c o n c e n t r a t i o n  was  k e p t  b e l o w  t h e  i n h i b i t o r y  e f f e c t  
and  a l l o w e d  t h e  f e r m e n t a t i o n  t o  c o n t i n u e  a t  h i g h  r e a c t i o n  
r a t e .
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4 .  F I NA L  CONCLUSIONS
E t h a n o l  p r o d u c t i o n  by  Zymom onas m o b i l i s  CP4 u n d e r  
s i m p l e  c h e m o s t a t  a nd  c o n t i n u o u s  t r a n s i e n t  o p e r a t i o n  h a s  bee n  
i n v e s t i  g a t e d .
U n d e r  c a r b o n  l i m i t a t i o n  c o n d i t i o n  w i t h  s i m p l e  c h e m o s t a t i c   ^
o p e r a t i o n ,  g l u c o s e ,  f r u c t o s e  and  s u c r o s e  w e r e  t e s t e d  a t  
2 % ( w / v )  i n  t h e  m e d i u m .  A t  t h i s  c o n c e n t r a t i o n  g l u c o s e  was 
mo r e  e f f i c i e n t l y  u t i l i s e d  a s  c o n v e r s i o n  e f f i c i e n c y  t o  
e t h a n o l  v a l u e  o f  96% was a c h i e v e d .  H o w e v e r ,  g l u c o s e  a t  
5 % ( w / v )  u n d e r  n i t r o g e n  l i m i t a t i o n  c o n d i t i o n  was  n o t  f u l l y  
m e t a b o l i s e d  a s  25% o f  f e e d  g l u c o s e  med i um was w a s t e d  a nd  t h e  
v a l u e  o f  c o n v e r s i o n  e f f i c i e n c y  t o  e t h a n o l  was  a r o u n d  t o  60%.
When t h e  n i t r o g e n  r e s t r i c t i o n  was r e m o v e d ,  v a l u e s  h i g h e r  
t h a n  80% f o r  c o n v e r s i o n  e f f i c i e n c y  t o  e t h a n o l  w e r e  r e a c h e d .
U n d e r  a l t e r n a t i n g  g l u c o s e  o f  2 a nd  5 % ( w / v )  m e d i u m ,  
c o n t i n u o u s  t r a n s i e n t  o p e r a t i o n  a c h i e v e d  v a l u e s  o f  e t h a n o l  
c o n v e r s i o n  h i g h e r  t h a n  80%. H o w e v e r ,  b o t h  c o n t i n u o u s  
t r a n s i e n t  o p e r a t i o n  ( u t i l i s i n g  h i g h  a l t e r n a t i n g  g l u c o s e  
c o n c e n t r a t i o n  o f  8 and  11% and  8 and  1 6 % ( w / v ) )  and  s i m p l e  
c h e m o s t a t  o p e r a t i o n  r u n n i n g  a t  9 . 5% and  1 2 % ( w / v )  g l u c o s e  
m e d i um d i d  n o t  a c h i e v e d  s a t i s f a c t o r y  r e s u l t s  as  c o n v e r s i o n  
e f f i c i e n c y  v a l u e s  w e r e  as  l o w  as  40 a nd  29% f o r  t h e  f o r m e r  
and  48  a nd  45% f o r  t h e  l a t t e r .
P u l s i n g  t h e  c u l t u r e  w i t h  m i n e r a l  s a l t s  ( Mg++ ,  K + , NHÎ ) 
and  e t h a n o l ,  t h e  c u l t u r e  s how ed  no e f f e c t  w i t h  m i n e r a l  s a l t s  
and  a s t r o n g  i n h i b i t o r y  e f f e c t  on g r o w t h  f o r  e t h a n o l .
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AGAINST DRY-WEIGHT OF BIOMASS
(610 nm





S I  o p e
Y i n t e r c e p t
C o  r  !■•■ e J. a t i  o n o  e  -f f  i c i e  ri t  
S t a n d a r d  e r r o i -
5 . 3 0 3 0 4 1
2 . 3 4 0 1 5 8 E - 0 :
0 . 9 9 7 3
1 . 3 7 5 8 4 2 E - 0 :
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APPENDIX 2
CALIBRATION PLOT FOR DETERMINATION OF
GLUCOSE BY SOMOGYI-NELSON
0.0




GLUCOSE (u q /m l)
S I  o p e
V i n t e r c e p t
C o ! " !" e  1 a  t  ;i. c:) ri c o e  -f -f i  c i  e  n t: 
S t a n d a r d  ei r a r
5 . 5 1 Ô 9 5 8 E - 0 :
1 . 2 7 6 7 1 6 E - 0 :
0 . 9 9 8 4
1 . 2 0 6 8 5 8 E - 0 :
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CALIBRATION PLOT FOR DETERMINATION OF
FRUCTOSE BY SOMOGYI-NELSON METHOD
<540 nm
0 0 40 60 80 100
1
FRUCTOSE (u q /m l)
S l o p e
Y i n t e r c e p t
C o r  i" e l a t i o  r-( c: o e  f  f  i  c: i  e  n t. 
S t a n d a r d  e r  :' o r
4 . 2 0 0 0 0 1 E - 0 3
2 . 9 9 9 9 5 E - 0 3
0 . 9 9 9 7




CALIBRATION PLOT FOR DETERMINATION OF
GLUCOSE BY GLUCOSE-OXIDASE METHOD
(450 nm
0 20 40 60 80 100
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S I  o p e
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S t a n d a r d  e r r o r
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CALIBRATION PLOT FOR DETERMINATION OF
SUCROSE BY SOMOGYI-NELSON METHOD
(540  nm
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SUCROSE EQUIVALENTS (u q /m l )
SI ope
Y intercept









CALIBRATION PLOT FOR DETERMINATION OF
ETHANOL BY G .L .C
ETHANOL/[SOPROPANOL
0 9 4 3 106
1
ETHANOL (mq/ml)
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C a l c u l a t i o n  o f  t h e  max imum s p e c i f i c  g r o w t h  r a t e  ( p m a x )  o f  
ZYMOMONAS M O B IL IS  CP4 g r o w n  i n  c h e m o s t a t  c u l t u r e  u s i n g  t h e  I
w a s h o u t  m e t h o d .
H e r e  Mmax i s  t h e  max imum g r o w t h  r a t e  a c h i e v a b l e  when 
S >> Ks and  Ks i s  t h a t  c o n c e n t r a t i o n  o f  S a t  w h i c h  t h e  
s p e c i f i c  g r o w t h  r a t e  i s  h a l f  i t s  max imum v a l u e .
When S >> K s , t h e n  Monod e q u a t i o n  b e c om e s
P =  M m a x
and we c a n  p u t  m = Mmax i n  e q u a t i o n ................ ..( 1 )
Inx - Inxo = ( Mmax - D )t 
we g e t
InX = ( Mmax -  D ) t  + Inxo
W i t h  D h i g h e r  t h a n  Dc t h e  s l o p e  o f  t h e  l o g a r i t h m i c  
p l o t  i s  ( Mmax -  D ) ;  ( w h e r e  M w i l l  be Mmax)
I?
I n  a c h e m o s t a t ,  t h e  b i o m a s s  b a l a n c e  c a n  be d e s c r i b e d  as  %
'i■I
d x / d t =  MX -  Dx = ( M -  D ) x  5
i  n t e g r a t i  ng
J d x / x  = ( M -  D )
I n x  -  I n x o  = ( M -  D ) t .....................( 1 )
The  Monod e q u a t i o n  s t a t e s  t h a t
M =  M m a x . S / ( K s  +  S )
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U n d e r  c a r b o n  l i m i t a t i o n  w i t h  a t  2 % ( w / v )  and  t h e  
d i l u t i o n  r a t e  o f  t h e  c u l t u r e  i n  s t e a d y  s t a t e  was 0 . 2 2  h" i 
( s e c t i o n  3 . 1 . 2 ) .  Then  t h e  d i l u t i o n  r a t e  was  s h i f t e d  t o
0 . 6 1  h - 1 ,  a v a l u e  w e l l  a b o v e  o f  Mmax , now
s l o p e  = ( M m a x  -  D )
—0 . 2 4  = M m a x  — 0 . 6 1
Mm a x  = 0 . 3 7  h~ ^
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5 . 8  A P P E N D I X  8
S p e c i f i c  S u b s t r a t e  u p t a k e  r a t e  ( Q s )
The  s u b s t r a t e  c o n s u m p t i o n  r a t e  i n  t h e  b a t c h w i s e  c u l t u r e  
h a s  been  c a l c u l a t e d  f o r  t h e  e x p o n e n t i a l  p h a s e  o f  g r o w t h  
a c c o r d i n g  t o :
S / ^ û t  = Qs . X a v e r
Wher e  s / ^  t  ( g / l / h )  i s  t h e  s l o p e  o f  t h e  s t r a i g h t  
l i n e  p r o d u c e d  when  s u b s t r a t e  c o n c e n t r a t i o n  i s  p l o t t e d  
a g a i n s t  t i m e .
Qs i s  t h e  s p e c i f i c  s u b s t r a t e  u p t a k e  r a t e  ( h - i )
x a v e r  ( g / 1 )  i s  t h e  a v e r a g e  b i o m a s s  c o n c e n t r a t i o n  a t  
t h e  t i m e  ( f )  d e f i n e d  by  t i + A t  / 2 , a c c o r d i n g  t o  t h e  f i g u r e
w h e r e  t i  and  t a  a r e  i n t e r v a l  t i m e  o f  t h e  e x p o n e n t i a l  p h a s e  
a nd  t =  t a  -  t i  .
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5 . 9  APPENDIX 9 ' î
%S p e c i f i c  r a t e  o f  e t h a n o l  f o r m a t i o n  (Qp )
The  e t h a n o l  f o r m a t i o n  r a t e  i n  t h e  b a t c h w i s e  c u l t u r e  
h a s  b e e n  c a l c u l a t e d  f o r  t h e  e x p o n e n t i a l  p h a s e  o f  g r o w t h  
a c c o r d i n g  t o :
a  p / a  t =  Qp . x a v e r
Wh e r e  a  p / a t  ( g / l / h )  i s  t h e  s l o p e  o f  t h e  s t r a i g h t  
l i n e  p r o d u c e d  when p r o d u c t  c o n c e n t r a t i o n s  a r e  p l o t t e d  
a g a i n s t  t i m e .
Qp ( g  e t h a n o l / g  c e l l s / h )  i s  t h e  s p e c i f i c  r a t e  o f  
e t h a n o l  f o r m a t i o n .
x a v e r  ( g / 1 )  i s  t h e  a v e r a g e  b i o m a s s  c o n c e n t r a t i o n  a t  
t h e  t i m e  ( f )  d e f i n e d  by  t i + t 2 / 2  a c c o r d i n g  t o  t h e  f i g u r e  
i n  a p p e n d i x  8
a
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1 02 .  T o r a n - D i a z ,  I . ,  J a i n
B i o t e c h n o l . L e t t .
V . K .  & B a r a t t i ,  J .  ( 1 9 8 3 )  
5 : 6 9 7 - 7 0 2 .
V . K .  & B a r a t t i ,  J .  ( 1 9 8 4 )  
6 : 3 8 9 - 9 4 .
103 .  T r i l l i ,  A . ,  M i c h e l  i n i ,  V , ,  M a n t o v a n i , V.  & P i r t ,  S . J
( 1 9 7 7 ) .  J .  A p p l . Chem B i o t e c h n o l . ,  2 7 : 2 1 9 .
1 0 4 .  V i i k a r i ,  L .  ( 1 9 8 4 ) .  A p p l .  M i c r o b i o l .  B i o t e c h n o l . , 1 9 :
2 5 2 - 2 5 5 .
105 .  V i i k a r i ,  L .  ( 1 9 8 4 ) .  A p p l .  M i c r o b i o l .  B i o t e c h n o l . ,
2 0 : 1 1 8 - 1 2 3 .
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106 .  V i i k a r i ,  L.  & G i s l e r ,  R. ( 1 9 8 6 ) .  A p p l .  M i c r o b i o l .  ^
B i o t e c h n o l . ,  2 3 : 2 4 0 - 2 4 4 .
107 .  V i i k a r i ,  L .  & K o r h o l a ,  M. ( 1 9 8 6 ) .  A p p l .  M i c r o b i o l .
B i o t e c h n o l . ,  2 4 : 4 7 1 - 4 7 6 .
1 08 .  V i i k a r i ,  L .  & L i n k o ,  M. ( 1 9 8 6 ) .  B i o t e c h n o l .  L e t t . ,
8 : 1 3 2 - 1 4 4 . •>
